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FOREWORD 

T h i s  r e p o r t  d e s c r i b e s  t h e  RLlOA-3-1  Rocket Engine,  and i s  submi t ted  
i n  compliance w i t h  t h e  requi rements  o f  C o n t r a c t  NAS8-5623, E x h i b i t  A, 
I t e m  4 ,  paragraph  f .  
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PREFACE 

T h i s  r e p o r t  d e s c r i b e s  t h e  d e s i g n  f e a t u r e s  of  t h e  RLlOA-3-1 r o c k e t  
engine .  The f o l l o w i n g  s e c t i o n s  a r e  i n c l u d e d  i n  t h i s  r e p o r t  i n  accord-  
ance w i t h  t h e  requi rements  of  C o n t r a c t  NAS8-5623, E x h i b i t  A ,  I t e m  4 ,  
p a r a g r a p s  f .  

I. Component d e s i g n  a n a l y s i s  
11. I n s t a l l a t i o n  drawing 
111. Assembly drawing 
I V .  Weight breakdown 
V .  Analys is  of  s t e a d y - s t a t e  and t r a n s i e n t  performance 
V I .  Schematic drawing 
V I I .  Materials g l o s s a r y  
V I I I .  Engine P a r t s  L i s t  
I X .  P r o p e l l a n t  and a n c i l l a r y  f l u i d  p r e s s u r e  and tempera ture  re- 

quirements  
X .  Mal func t ion  a n a l y s i s  

The engine  c o n f i g u r a t i o n  d e s c r i b e d  h e r e i n  i n c o r p o r a t e s  d e s i g n  changes 
through 1 J u n e  1964. 

I n f o r m a t i o n  c o n t a i n e d  i n  t h i s  r e p o r t  a l s o  a p p l i e s  t o  t h e  RLlOA-3-CM-1 
engine :  t h e  major f u n c t i o n a l  d i f f e r e n c e  between t h e  two models i s  t h a t  
t h e  RLlOA-3-1 engine  i n c o r p o r a t e s  a s i n g l e  t r a n s d u c e r  box whi le  t h e  
RLlOA-3-CM-1 h a s  two t r a n s d u c e r  boxes. 

v i i  
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SECTION I 
DESCRIPTION OF COMPONENT DESIGN 

A. PROPELLANT CONTROL SYSTEM 

The RLlOA-3-1 propellant control system consists of the following 
components: fuel pump inlet shutoff valve, oxidizer pump inlet shutoff 
valve, oxidizer flow control valve, prelaunch cooldown and check valve, 
fuel pump cooldown and bleed valves (interstage and discharge), thrust 
control, main fuel shutoff valve, prestart and start solenoid valves, 
igniter, and oxidizer supply control valve. A schematic of the propellant 
system is shown in Section VI, figure V I - 1 .  

1. Propellant Inlet Shutoff Valves 

The propellant inlet shutoff valves provide a seal between the ve- 
hicle tanks and the engine pumps during nonfiring periods, and open 
fully upon application of the prestart signal. The propellant pump in- 
let shutoff valves are helium-operated, two-position, ball-type normally 
closed valves. (See figure 1-1.) 

HELIUM PRESSURE 
c 

Figure 1-1. Propellant Pump Inlet Shutoff Valve FD 3145 
Schematic 

At the prestart signal, vehicle-supplied helium pressure acts upon 
the piston to overcome the resistance of the valve spring and to provide 
a linear motion to the rack. This produces rotational motion at the ball 
valve, and as the ball is rotated to the open position, propellants are 
allowed to p a s s  through the valves into the pumps. The elapsed time 
from the closed to the fully open position is approximately 17 milliseconds 

1-1 
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f o r  t h e  o x i d i z e r  i n l e t  s h u t o f f  v a l v e ,  and approximately 30 m i l l i s e c o n d s  
f o r  t h e  f u e l  i n l e t  s h u t o f f  v a l v e .  

When t h e  a c t u a t i n g  he l ium p r e s s u r e  i s  v e n t e d ,  t h e  b a l l  v a l v e  i s  re- 
turned  t o  i t s  normally c l o s e d  p o s i t i o n  by t h e  compressed s p r i n g  and t h e  
hel ium boosted p i s t o n  which g e t s  i t s  b o o s t  by leakage  p a s t  t h e  p i s t o n  r i n g  
s e a l .  The e l a p s e d  t i m e  from t h e  f u l l y  open t o  t h e  c l o s e d  p o s i t i o n  i s  
approximately 158 m i l l i s e c o n d s  f g r  t h e  o x i d i z e r  i n l e t  s h u t o f f  v a l v e ,  and 
approximately 389 m i l l i s e c o n d s  f o r  t h e  f u e l  i n l e t  s h u t o f f  v a l v e .  

The bel lows assembly acts as a s e a l  between t h e  r a c k  and g e a r  chamber, 
which i s  exposed t o  p r o p e l l a n t ,  and t h e  s p r i n g  chamber, which i s  exposed 
t o  he 1 ium . 

When t h e  v a l v e  i s  i n  a c l o s e d  p o s i t i o n ,  B e l l e v i l l e  washers and t h e  
l i n e  p r e s s u r e  m a i n t a i n  a p o s i t i v e  s e a l i n g  load  on t h e  s e a l  l o c a t e d  a t  
t h e  v a l v e  e x i t .  

The d r i v e  g e a r  and v a l v e  b a l l  are b a l l - b e a r i n g  mounted and are 
p o s i t i o n e d  a x i a l l y  by s p r i n g s  t h a t  m a i n t a i n  a c o n s t a n t  t h r u s t  load  f o r  
longer  b e a r i n g  l i f e .  
s h u t o f f  v a l v e s  a r e  g iven  i n  Appendix D .  

S p e c i f i c a t i o n s  f o r  t h e  f u e l  and o x i d i z e r  pump i n l e t  

2 .  F u e l  Pump Cooldown, Bleed and P r e s s u r e  R e l i e f  Valves 

The cooldown v a l v e s  ( f i g u r e  1 - 2 )  p rovide  (1) overboard v e n t i n g  of 
f u e l  d u r i n g  p r e s t a r t  t o  c o o l  down b o t h  f u e l  pump s t a g e s ,  ( 2 )  f u e l  b leed  
a t  i n t e r s t a g e  d u r i n g  a c c e l e r a t i o n  t o  provide  t r a n s i e n t  s t a b i l i t y ,  and 
( 3 )  a p r e s s u r e  r e l i e f  d u r i n g  engine  shutdown. The i n t e r s t a g e  and d i s -  
charge v a l v e s  a r e  s i m i l a r  i n  f u n c t i o n .  

Helium Pressure 
Helium Actuator Piston 7 

m 

Lip seals -\ g/ ChamberA 

E poppet Spring Rod 

Chamber B - Fuel Pump D m e  Piston 
Pressure seal Ring 

k - k  

Sleeve Valve 
Chamber D (booat chamber) 

1 Sleeve Valve Spring 

Vent to Overboard Manifold 
Teflon Seat 

Fuel t 

F i g u r e  1 - 2 .  Pressure-Boos t e d  F u e l  Pump Cooldown, FD 2666B 
Bleed and P r e s s u r e  R e l i e f  Valve 
S chema t i c  

1-2 
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a .  F u e l  Pump I n t e r s t a g e  Cooldown Bleed and P r e s s u r e  R e l i e f  Valve 

The f u e l  pump i n t e r s t a g e  cooldown b leed  and p r e s s u r e  r e l i e f  v a l v e  
i s  a p r e s s u r e  o p e r a t e d ,  t h r e e - p o s i t i o n ,  s l e e v e - t y p e ,  normal ly  open v a l v e .  
The f i r s t  p o s i t i o n ,  which i s  the normal ly  open p o s i t i o n  of t h e  s l e e v e  
v a l v e ,  produces maximum overboard v e n t i n g .  When t h e  f u e l  p r e s t a r t  he l ium 
p r e s s u r e  s i g n a l  i n i t i a t e s  t h e  cooldown c y c l e ,  t h e  f u e l  i n l e t  v a l v e  opens 
and a l lows  f u e l  t o  pas s  through t h e  f i r s t  s t a g e  of  t h e  f u e l  pump and a 
p o r t i o n  of t h e  f low p a s s e s  overb'bard through t h e  i n t e r s t a g e  cooldown v a l v e .  

A t  t h e  s t a r t  s i g n a l ,  he l ium p r e s s u r i z e s  chamber "A" and a c t u a t e s  t h e  
p i s t o n .  Redundant l i p  seals minimize t h e  p i s t o n  c l e a r a n c e  l eakage .  A f t e r  
0 . 2  i n c h  of t r a v e l  t h e  poppet  i s  s e a t e d ,  s e a l i n g  t h e  pump d i s c h a r g e  p r e s -  
s u r e  chamber "C" from t h e  overboard v e n t  and from t h e  pump d i s c h a r g e  
p r e s s u r e  t r a n s f e r  chamber 

As t h e  poppet  rod  i s  moving, t h e  f u e l  pump d i s c h a r g e  p i s t o n  moves. 
T h i s ,  i n  t u r n ,  moves t h e  f u e l  pump d i s c h a r g e  s l e e v e  v a l v e  and p a r t i a l l y  
c l o s e s  t h e  t h r e e  overboard v e n t  p o r t s .  A t  t h i s  p o i n t  t h e  i n t e r s t a g e  
v a l v e  area i s  reduced approximate ly  40%. This  second p o s i t i o n ,  which 
i s  t h e  b l eed  p o s i t i o n ,  a l lows  overboard f low d u r i n g  t h e  e a r l y  s t a g e s  of  
a c c e l e r a t i o n  t o  h e l p  p reven t  low-speed pump s t a l l .  As f u e l  pump p r e s s u r e  
i n c r e a s e s  d u r i n g  a c c e l e r a t i o n ,  t h e  s l e e v e  v a l v e  overcomes t h e  v a l v e  s p r i n g  
l o a d ,  and i n  t h e  f u l l y  c l o s e d  p o s i t i o n  seats a g a i n s t  t h e  Te f lon  r i n g  seal .  

F u e l  pump d i s c h a r g e  p r e s s u r e  a c t i n g  on t h e  f u e l  pump d i s c h a r g e  p i s t o n  
i n  chamber "C" causes  t h e  s l e e v e  v a l v e  t o  move t o  i t s  t h i r d  o r  c l o s e d  
p o s i t i o n .  Fue l  p r e s s u r e  i n  chamber lrB" and "D" i s  vented  overboard by 
p o r t i n g  t h e  poppet  rod  and the f u e l  pump d i s c h a r g e  p i s t o n .  Th i s  e n s u r e s  
t h a t  any l e a k s  of f u e l  pump d i s c h a r g e  p r e s s u r e  from chamber "C" i n t o  
chambers "Btr and I'D" would n o t  oppose movement of  t h e  s l e e v e  v a l v e .  I n  
a d d i t i o n ,  a seal  r i n g  beiween t h e  p o s t  and t h e  s l e e v e  v a l v e  p r e v e n t s  
leakage  through t h i s  p a t h  from p r e s s u r i z i n g  chamber ' I D ,  I t  

The v a l v e  i n c o r p o r a t e s  a boos t  f e a t u r e  t h a t  accelerates i t s  r e t u r n  t o  
t h e  f u l l y  open p o s i t i o n  du r ing  shutdown. As t h e  p r e s s u r e  i n  t h e  he l ium 
supply  system decays du r ing  shutdown, t h e  a c t u a t o r  s p r i n g  and f u e l  pump 
d i s c h a r g e  p r e s s u r e  i n  chamber "C" a c t i n g  on t h e  poppet  f u r n i s h  t h e  f o r c e  
t o  u n s e a t  t h e  p i s t o n  v a l v e .  

The r e t u r n  motion of t h e  a c t u a t o r  p i s t o n  opens the poppet  v a l v e  and 
a l lows  f u e l  pump d i s c h a r g e  p r e s s u r e  t o  e n t e r  chamber I'D" and act  on a 
l a r g e r  area t h a n  t h e  f u e l  pump d i s c h a r g e  p i s t o n  area. This  creates a 
g r e a t e r  opening f o r c e  t o  move t h e  s l e e v e  v a l v e  t o  i t s  normally open 
p o s i t  i o n .  

The i n t e r s t a g e  s l e e v e  v a l v e  i s  i n  t h e  f u l l y  open p o s i t i o n  approxi -  
ma te ly  13 m i l l i s e c o n d s  a f t e r  t h e  poppet  v a l v e  i s  unsea ted .  Th i s  f a s t  
r e sponse  p rov ides  t h e  p r e s s u r e  r e l i e f  f u n c t i o n  by v e n t i n g  the f u e l  system 
p r i o r  t o  i n l e t  and main f u e l  s h u t o f f  v a l v e  c l o s u r e .  

b .  F u e l  Pump Discharge  Cooldown Bleed and P r e s s u r e  R e l i e f  Valve 

a p r e s s u r e  o p e r a t e d ,  two-pos i t i on ,  s l e e v e - t y p e ,  normal ly  open v a l v e .  
The f u e l  pump d i s c h a r g e  cooldown b l e e d  and p r e s s u r e  r e l i e f  v a l v e  i s  
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The f i r s t  p o s i t i o n ,  which i s  t h e  normal ly  open p o s i t i o n  of the s l e e v e  
v a l v e ,  p roduces  maximum overboard  v e n t i n g .  When t h e  f u e l  p r e s t a r t  hel ium 
p r e s s u r e  i n i t i a t e s  t h e  cooldown c y c l e ,  t h e  f u e l  i n l e t  v a l v e  opens and 
a l lows  f u e l  t o  pas s  through t h e  pump and overboard through t h e  d i s c h a r g e  
cooldown v a l v e .  

A t  t h e  s t a r t  s i g n a l  t h e  d i s c h a r g e  v a l v e  moves i n  i d e n t i c a l l y  t h e  same 
manner as t h e  i n t e r s t a g e  v a l v e .  The on ly  d i f f e r e n c e  be ing  t h a t  t h e  e n t i r e  
p o r t  i s  c l o s e d  o f f  by t h i s  i n i t i a l  motion.  The t r a v e l  i s  t h e  same, 0.2 i n c h .  
A s  f u e l  pump p r e s s u r e  i n c r e a s e s  d u r i n g  a c c e l e r a t i o n ,  t h e  s l e e v e  v a l v e  over -  
comes t h e  v a l v e  s p r i n g  l o a d ,  and seats a g a i n s t  t h e  Te f lon  r i n g  seal .  

A l l  i n t e r n a l  s e a l i n g ,  v e n t i n g ,  and boos t ing  f e a t u r e s  of  t h e  d i s c h a r g e  
v a l v e  a r e  i d e n t i c a l  t o  t h o s e  i n  t h e  i n t e r s t a g e  v a l v e .  A t  shutdown, t h e  
d i s c h a r g e  v a l v e  i s  f u l l y  opened i n  approximate ly  19 m i l l i s & c o n d s .  

3. P r e s t a r t  and S t a r t  So leno id  Valves  

The p r e s t a r t  and s t a r t  s o l e n o i d  v a l v e s  ( f i g u r e  1-3) are s o l e n o i d  
a c t u a t e d ,  double-ended poppet  v a l v e s  t h a t  c o n t r o l  t h e  he l ium supply  from 
t h e  v e h i c l e  s t o r a g e  t ank  t o  t h e  p r o p e l l a n t  c o n t r o l  v a l v e s .  The two 
s o l e n o i d  v a l v e s  are i d e n t i c a l  i n  d e s i g n ,  o p e r a t i o n ,  and c o n s t r u c t i o n .  

The p r e s t a r t  s o l e n o i d  v a l v e  c o n t r o l s  t h e  he l ium supply  t o  t h e  f u e l  
and o x i d i z e r  i n l e t  s h u t o f f  v a l v e  a c t u a t o r s ,  which open b e f o r e  s t a r t  t o  
permi t  coo l ing  of t h e  f u e l  and o x i d i z e r  pumps. 

FROM VEHICLE OVERBOARD VENT 

TO SIGNAL PRESSURE SWITCH 
AND RESPECTIVE SYSTEM 

F i g u r e  1-3.  So leno id  Valve Schematic  

1-4 
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The start 
shutoff valve 
actuators. 

solenoid valve controls the helium supply to the main fuel 
and the fuel pump bleed-cooldown and pressure relief valve 

The helium supply system and the solenoid valves are shown in the 
schematic in Section V I .  

In the de-energized position, valve port ItArt is closed and valve 
port l tBl t  is in the open position, Thc poppet is positioned by the force 
of the valve spring upon the poppet valve body. At either the prestart 
or the start signal, the respective solenoid is energized by the vehicle 
dc voltage supply, and the plunger rod moves the poppet valve to a position 
such that port "A" is open and port l tBtt  is fully closed. Helium is supplied 
to the respective control system component through valve port "A." 

At shutdown, the solenoid is de-energized and the valve spring re- 
turns the valve body to a position that closes valve port "A" and opens 
port "B . ' I  

Controlled selection of the poppet during valve assembly maintains 
a proper closing response time of the solenoid and desirable actuation 
of the start and prestart valves. 

Each of the solenoids is directly connected to the vehicle wiring, 
eliminating the need for a solenoid wiring harness. The positive ground 
used on each solenoid valve housing also reduces the level of radio inter- 
ference. 

4 .  Main Fuel Shutoff Valve 

The function of the main fuel shutoff valve (figure 1-4 )  is to pre- 
vent the fuel flow into the thrust chamber during cooldown periods and 
to stop fuel flow into the thrust chamber at shutdown. During engine 
operation at the design point, the fuel flow rate is 5 . 8 5  pounds per 
second with a valve pressure drop of 10 psi. 

The main fuel shutoff valve is a helium-operated, two-position, 
normally closed, bullet-type valve. At the start signal, vehicle sup- 
plied helium pressure acts upon the internal effective area of the bel- 
lows to overcome the resistance of the valve spring and actuates the 
valve gate. The exterior of the bellows is vented overboard and sealed 
from fuel by a lip seal. Actuating the valve gate opens a flow passage 
through the valve housing permitting fuel to flow into the injector. 
After removing the helium pressure, the valve gate is returned to its 
normally closed position by the compressed spring. Sealing is accomplished 
by spring loading a spherical surface on the gate against a conical sur- 
face on the valve housing and by the gate seal ring. The fuel inlet shut- 
off valve provides the necessary sealing between the vehicle and the fuel 
pump; therefore, zero leakage of this valve is not required. 

The bullet valve configuration was selected because it is light in 
weight and provides the fast response necessary for adequate control of 
shutdown impulse. 

1 - 5  



Pratt & Whitney Qircraft 
PWA FR-1042 

HELIUM SUPPLY CONNECTION-\ 

SHUTOFF VALVE GATE 

SHUTOFF VALVE SPRING 

INLET CONE SUPPORT 

RETAINING PIN 

BELLOWS ASSEMBLY 

GATE SEAL RING 

'TOFF VALVE HOUSING 

F i g u r e  1-4 .  Main F u e l  S h u t o f f  Valve Schematic FD 1551B 

5. O x i d i z e r  Flow C o n t r o l  and P r e s s u r e  R e l i e f  Valve 

The f u n c t i o n s  of t h e  o x i d i z e r  f low c o n t r o l  and p r e s s u r e  relief v a l v e  
shown i n  f i g u r e  1 -5  are as fol lows:  

a .  Main ta in  t h e  r e q u i r e d  o x i d i z e r  f low d u r i n g  the cooldown c y c l e  
b .  C o n t r o l  t h e  o x i d i z e r - t o - f u e l  r a t i o  d u r i n g  t h e  s t a r t  c y c l e  
c. Permi t  ground t r i m  of m i x t u r e  r a t i o  
d .  Provide  a means f o r  v e h i c l e  c o n t r o l  of t h e  consumption of  

o x i d i z e r  f o r  optimum u t i l i z a t i o n  of p r o p e l l a n t s .  

The o x i d i z e r  f low d u r i n g  e n g i n e  cooldown i s  c o n t r o l l e d  by t h e  
v a r i a b l e - a r e a  o r i f i c e  "A1" and t h e  f i x e d - a r e a  o r i f  ices "A2" and "A3. 
F o r  maximum p r e s s u r e  i n l e t  c o n d i t i o n s ,  t h e  v a r i a b l e - a r e a  o r i f i c e  i s  
c l o s e d  and t h e  f u l l  bypass f low passes through t h e  f i x e d - a r e a  o r i f i c e s  
trA211 and "A3." T h i s  p r o v i d e s  t h e  a d d i t i o n a l  f e a t u r e  of  c o o l i n g  t h e  
v a l v e  uni formly  t o  e n s u r e  proper  v a l v e  o p e r a t i o n .  A s  t h e  i n l e t  p r e s s u r e  
d e c r e a s e s ,  t h e  v a r i a b l e - a r e a  o r i f i c e  opens t o  p r o v i d e  a d d i t i o n a l  bypass 
a r e a .  

O r i f i c e  ' 'B, l1  which i s  c o n t r o l l e d  by t h e  i n l e t  poppet  valve, i s  f u l l y  
c l o s e d  d u r i n g  cooldown and d u r i n g  t h e  i n i t i a l  p o r t i o n  of t h e  s t a r t  c y c l e .  
The c o n t r o l l e d  o x i d i z e r  f low i s  n e c e s s a r y  t o  m a i n t a i n  t h e  proper  o x i d i z e r -  
t o - f u e l  r a t i o  f o r  p r o p e r  engine  a c c e l e r a t i o n .  

The back f a c e  of t h e  i n l e t  poppet  v a l v e  s e n s e s  pump i n l e t  p r e s s u r e  
and t h e  upstream s u r f a c e  i s  s u b j e c t e d  t o  pump d i s c h a r g e  p r e s s u r e .  A 
p r e s s u r e  d i f f e r e n t i a l  of 40 t o  60 p s i  w i l l  overcome t h e  s p r i n g  p r e l o a d  
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and open o r i f i c e  "B." 
ment screw r l Y . ' l  The area opened a t  o r i f i c e  "B" d u r i n g  a c c e l e r a t i o n  i s  
a f u n c t i o n  of t h e  v a l v e  contour  and t h e  o x i d i z e r  pump p r e s s u r e  r i se .  
The maxium area i s  r e g u l a t e d  by an  ad jus tment  s t o p  that  can be remotely 
c o n t r o l l e d  d u r i n g  a n  acceptance  t e s t .  The v a l v e  i s  des igned  t o  f low 
29 .3  l b / s e c  a t  a p r e s s u r e  drop of  102.4 t 16 p s i  and a mixture  r a t i o  of 
5 t o  1. The k 1 6  p s i  t o l e r a n c e  r e s u l t s  from accumula t ive  engine  system 
t o l e r a n c e s  and i s  accounted f o r  i n  t h e  engine  t r i m .  

The amount o f  p r e l o a d  can b e  v a r i e d  by a d j u s t -  

- 

Pwge Relief Valve-\ 

F i g u r e  1 - 5 .  O x i d i z e r  Flow C o n t r o l  and P r e s s u r e  FD 2200D 
R e  1 i e f Valve S chema t i c  

The o x i d i z e r  f low c o n t r o l  and p r e s s u r e  r e l i e f  v a l v e  i n c o r p o r a t e s  
p r o v i s i o n s  t o  mount a d r i v e  motor t h a t  i s  c o n t r o l l e d  by t h e  v e h i c l e  
p r o p e l l a n t  u t i l i z a t i o n  system. This motor d r i v e s  an  ad jus tment  s h a f t  
t h a t  c o n t r o l s  o r i f i c e  "C." This  ad jus tment  s h a f t  i n c o r p o r a t e s  a d j u s t a b l e  
s t o p s  p r o v i d i n g  f o r  l i m i t i n g  ad jus tment  s h a f t  movement t o  l i m i t  t h e  mix- 
t u r e  r a t i o  range t o  a l l o w a b l e  v a l u e s .  The motor and s h a f t  assembly a r e  
s e a l e d  from o x i d i z e r  f low and are purged w i t h  d r y  n i t r o g e n  p r i o r  t o  f l i g h t  
t o  p r e v e n t  i ce  from r e s t r i c t i n g  motion o f  t h e  ad jus tment  s h a f t .  During 
acceptance  t e s t i n g ,  e n g i n e s  are trimmed t o  a m i x t u r e  r a t i o  of  5 . 0  5 0 . 1  
w i t h  t h e  p o s i t i o n e r  s h a f t  i n  t h e  m i d - p o s i t i o n .  T h i s  i s  accomplished by 
m a i n t a i n i n g  t h e  v e h i c l e  indexing  p o i n t  on t h e  ad jus tment  s h a f t  a t  
nominal p o s i t i o n ,  and trimming t h e  o x i d i z e r  f low by v a r y i n g  o r i f i c e  IlB;'' 
t h e  ad jus tment  o f  o r i f i c e  'lB1' i s  t h e n  locked .  The v e h i c l e  p o s i t i o n e r  can 
then  v a r y  o r i f i c e  "C" t o  minimize r e s i d u a l  f u e l  o r  o x i d i z e r  a t  burnout .  

6 .  T h r u s t  C o n t r o l  Valve 

The t h r u s t  c o n t r o l  v a l v e  ( f i g u r e  1-6) i s  a servo-opera ted  v a r i a b l e -  
p o s i t i o n  v a l v e  t h a t  c o n t r o l s  engine  t h r u s t  by r e g u l a t i n g  t h e  amount of 
f u e l  t h a t  bypasses  the t u r b i n e  as a f u n c t i o n  of  combustion chamber 
p r e s s u r e .  T h i s ,  i n  t u r n ,  c o n t r o l s  t h e  speed of  t h e  turbopump. 
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INLET ORIFICE 

SHEAR ORlFlC 
SERVO SUPPLY PRESSUR 

SERVO SUPPLY ORIFICE 

BYPASS VALVE SPRING- 
EFERENCE SPRING 

TURBINE BY 

TURBINE 
DISCHARGE 

SERVO CHAMBER PRESSURE 

BODY PRESSURE 

OVERBOARD VENT 

F i g u r e  1 -6 .  Thrus t  C o n t r o l  FD 6769 

The r e f e r e n c e  system c a r r i a g e  p o s i t i o n  i s  de te rmined  by: (1) t h e  
combustion chamber p r e s s u r e  a c t i n g  on t h e  area of t h e  motor be l lows;  
( 2 )  t h e  r e f e r e n c e  s p r i n g  p r e l o a d  (approximate ly  55 l b s ) ,  which can  be 
remote ly  a d j u s t e d  d u r i n g  eng ine  c a l i b r a t i o n  by t h e  t h r u s t  l e v e r  (p re -  
load)  ad jus tment  t o  p r o v i d e  a nominal combustion chamber p r e s s u r e  of 
300 p s i a ;  and (3) p r e s s u r e  d i f f e r e n t i a l  a c t i n g  on t h e  reset bel lows a r e a .  

The reset be l lows  i n t e r n a l  p r e s s u r e  i s  s u p p l i e d  from t h e  o r i f i c e  
a d a p t e r  body through t h e  pneumatic reset o r i f i ce -vo lume  i n t o  t h e  reset  
be l lows .  Th i s  causes  reset p r e s s u r e  t o  l a g  o r i f i c e  a d a p t e r  body p r e s -  
s u r e  du r ing  engine  a c c e l e r a t i o n ;  t h u s  producing a f o r c e  t h a t  a l lows  t h e  
c a r r i a g e  t o  be p o s i t i o n e d  t o  a nominal p o s i t i o n  b e f o r e  chamber p r e s s u r e s  
r each  t h e  normal 300 p s i a .  T h i s  a c t u a t e s  t h e  s e r v o l e v e r ,  which b l e e d s  
chamber p r e s s u r e  and opens t h e  t u r b i n e  bypass a r e a  b e f o r e  eng ine  nominal 
c o n d i t i o n s  are reached ,  t hus  r educ ing  t h r u s t  ove r shoo t .  The o r i f i c e  
a d a p t e r  i s  s u p p l i e d  w i t h  servosupply  p r e s s u r e  and vented  i n t o  the t h r u s t  
c o n t r o l  body. The e x t e r n a l  o r i f i c e  a d a p t e r  w a s  chosen  so t h a t  t h e  reset 
be l lows  p r e s s u r e  would be r e l a t i v e l y  u n a f f e c t e d  by t empera tu re  changes 
i n  t h e  servosupply .  

The bypass v a l v e  i s  sp r ing - loaded  i n  t h e  c l o s e d  p o s i t i o n  and senses  
t u r b i n e  d i s c h a r g e  p r e s s u r e  and servochamber p r e s s u r e .  Servochamber p r e s -  
s u r e  i s  s u p p l i e d  through an  o r i f i c e d  l i n e  from t h e  h e a t  exchanger  d i s -  
cha rge  passage  and i s  b l e d  i n t o  t h e  body through a s h e a r  o r i f i c e  servo-  
v a l v e ,  which w a s  s e l e c t e d  f o r  i t s  s t a b i l i t y  f e a t u r e .  Body p r e s s u r e  i s  
b l e d  overboard  through a n  o r i f i c e  s i z e d  t o  g i v e  t h e  d e s i r e d  p r e s s u r e .  
When servochamber p r e s s u r e  i s  reduced by opening of t h e  se rvova lve ,  t h e  
i n c r e a s e d  p r e s s u r e  d i f f e r e n t i a l  a c t i n g  on the bypass  v a l v e  i s  s u f f i c i e n t  
t o  overcome t h e  v a l v e  s p r i n g  f o r c e  and t h e  v a l v e  i s  r e p o s i t i o n e d .  Th i s  
uncovers  t h e  contoured  bypass p o r t s  which pe rmi t  f l o w  t o  bypass  the t u r -  
b i n e .  
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The se rvova lve  l e v e r  p o s i t i o n  i s  main ta ined  by a f o r c e  ba l ance  of 
t h e  r e f e r e n c e  system which r e f l e c t s  chamber p r e s s u r e  and t h e  feedback 
s p r i n g  which r e f l e c t s  bypass  v a l v e  p o s i t i o n .  A change i n  chamber p r e s s u r e  
w i l l  produce a f o r c e  unbalance t h a t  v a r i e s  t h e  p o s i t i o n  of t h e  se rvova lve ,  
which causes  a p r o p o r t i o n a l  v a r i a t i o n  i n  servochamber p r e s s u r e .  
s u r e  v a r i a t i o n  r e p o s i t i o n s  t h e  bypass v a l v e ,  which a l te rs  t h e  feedback 
s p r i n g  f o r c e  u n t i l  t h e  f o r c e  ba l ance  i s  r ega ined .  

T h i s  p r e s -  

R e p o s i t i o n i n g  of t h e  bypass  v a v e  v a r i e s  t u r b i n e  power which e s t a b l i s h e s  
t o t a l  p r o p e l l a n t  f low,  chamber p r e s s u r e ,  and t h r u s t .  

7 .  I g n i t e r  Ox id ize r  Supply Con t ro l  Valve 

The i g n i t e r  o x i d i z e r  supply  c o n t r o l  v a l v e  ( f i g u r e  1 - 7 )  p rov ides  a 
gaseous oxygen f low t o  t h e  s p a r k  i g n i t e r .  

A t  t h e  p r e s t a r t  s i g n a l ,  he l ium p r e s s u r e  opens t h e  p r o p e l l a n t  i n l e t  
s h u t o f f  v a l v e  and pe rmi t s  t h e  o x i d i z e r  t o  f low t o  one s i d e  of t h e  i g n i t e r  
o x i d i z e r  supply  v a l v e .  Minimum i n l e t  p r e s s u r e  c o n d i t i o n s  are s u f f i c i e n t  
t o  a c t u a t e  t h e  p i s t o n  and u n s e a t  t h e  poppe t ,  p e r m i t t i n g  a f low of gaseous 
oxygen, which i s  b l e d  from t h e  supp ly  l i n e  t o  t h e  i n j e c t o r ,  t o  e n t e r  t h e  
combustion chamber n e a r  t h e  spark  i g n i t e r  t i p .  

FROM OXIDIZER PUMP DISCHARGE 
(INJECTOR INLET) 

TO 
SPARK 
IGNITER 

FROM 
OXIDIZER 
PUMP 
INLET 

F i g u r e  1 - 7 .  I g n i t e r  Ox id ize r  Supply Con t ro l  Valve FD 3161 
Schematic  

A t  the s t a r t  s i g n a l ,  t h e  main f u e l  s h u t o f f  v a l v e  opens and a l lows  
f u e l  t o  f low i n t o  t h e  combustion chamber where i t  i s  i g n i t e d .  The i n -  
crease i n  o x i d i z e r  pump d i s c h a r g e  p r e s s u r e  i s  t r a n s m i t t e d  t o  t h e  o p p o s i t e  
end of t h e  i g n i t e r  o x i d i z e r  supply  c o n t r o l  v a l v e  p i s t o n  and c l o s e s  t h e  
poppet  t o  s t o p  t h e  f low of gaseous oxygen t o  t h e  s p a r k  i g n i t e r .  

8 .  Pre launch  Cooldown Check Valve 

The RLlOA-3-1 eng ine  i s  f i t t e d  w i t h  a check v a l v e  ( f i g u r e  1-8) f o r  
i n t r o d u c t i o n  of  c o l d  he l ium i n t o  t h e  turbopump p r i o r  t o  v e h i c l e  l aunch .  
T h i s  p a r t i a l l y  c o o l s  t h e  turbopump b e f o r e  v e h i c l e  launch .  

I n  t h e  open p o s i t i o n ,  t h e  v a l v e  a l lows  l i q u i d  he l ium from a t e s t  

The he l ium i s  t h e n  d i scha rged  
s t and  o r  v e h i c l e  supply  a t  15-40 p s i g  t o  f low i n t o  t h e  f i r s t  s t a g e  f u e l  
pump and f u e l  pump s h a f t  seal  c a v i t y .  
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To Fuel Pump Seal Cavity 
4 Helium 

Fuel Pump Discharge 
Pressure 900 psis* *Helium Inlet 

-440" t o  -450°F 
15 to 40 psig 

Helium 
To First Stage Fuel Pump 

Figure 1-8. Prelaunch Cooldown Check Valve FD 7367 
overboard through the gearbox relief valve and fuel bleed-cooldown valves. 
When the helium supply is removed, the check valve is closed by spring 
force, augmented by fuel pump discharge pressure as the engine accelerates. 

B. TURBOPUMP ASSEMBLY 

The turbopump assembly (figures 1-9  and 1-10) consists of: (1) a two- 
stage centrifugal liquid hydrogen pump that is driven by a two-stage 
hydrogen turbine mounted on a common shaft; and (2) a single-stage centri- 
fugal liquid oxygen pump that is mounted side-by-side with the liquid 
hydrogen pump, and is driven by a gear train from the main shaft. The 
three shafts in the turbopump assembly are mounted on hydrogen-cooled, 
unlubricated ball and roller bearings. The complete assembly is housed 
in six aluminum castings. An adapter has been added to permit checking 
of turbopump static torque with the vehicle hydraulic pump installed on 
the accessory drive pad. 

1. Fuel Pump 

The fuel pump is a two-stage centrifugal-type pump that has back- 
shrouded impellers, volute collectors, and conical diffusers. The two 
stages are mounted back-to-back to minimize the thrust unbalance carried 
by the interstage ball bearing. The open-face impeller design results 
in lower weight, fewer sealing problems, and a more simple impeller con- 
struction than a fully shrouded type. The pump has a collecting volute 
and a straight conical diffuser for recovery of the velocity head. The 
1st-stage pump is preceded by a three-bladed axial flow inducer that 
operates at the same speed as the main impeller. The NPSP capability 
is controlled by the inducer. The RLlOA-3-1 uses inducer blades that 
are tapered at inlet and exit. This type of inducer, which is sometimes 
termed a propeller-inducer, is the end product of a program to develop 
an inducer that would allow a maximum extension of the operating range 
to the high flow region without adversely affecting the low flow character- 
istics, and the ability of the pump to operate at the minimum design NPSP. 

The 1st-stage impeller incorporates 50-degree exit angle, backswept 
blades. The 2nd-stage impeller has 90-degree exit angle blades. Clear- 
ance between the impeller blading and the housings is a nominal 0.060 inch. 
This configuration provides the required match between stall margin, which 
is improved with increased blade sweep angle, and required headrise, which 
decreases with increased vane sweep angle. 

I- 10 



Pratt &Whitney Qircraft 
PWA FR-1042 

F i g u r e  1-9. Turbopump Assembly FD 1 5 1 0 A  

F i g u r e  1-10, Turbopump Cutaway 
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An o r i f i c e  i s  p laced  downstream of t h e  pump d i s c h a r g e  cooldown v a l v e  
t o  i s o l a t e  t h e  pump from t h e  p r e s s u r e  s u r g e s  t h a t  the engine  e x p e r i e n c e s  
d u r i n g  s t a r t ,  and t h u s  e n s u r e  s t a b l e  engine  o p e r a t i o n .  T h i s  o r i f i c e  
has  a d iameter  of 0.813 i n . ,  and a p r e s s u r e  drop of 78 .4  p s i a  a t  nominal 
engine  o p e r a t i n g  c o n d i t i o n s .  

The f u e l  pump w a s  des igned  t o  o p e r a t e  a t  30,000 rpm w i t h  a minimum 
n e t  p o s i t i v e  s u c t i o n  head of  2 6 4 f e e t  of hydrogen. The p r e s e n t  oper -  
a t i n g  p o i n t  f o r  t h e  pump i s  28,400 rpm and w i l l  p rovide  a minimum weight  
f low of 5.85 l b / s e c  w i t h  a head rise of 29,300 f e e t  of hydrogen based 
on i n l e t  d e n s i t y ,  when i n l e t  t empera ture  and p r e s s u r e  c o n d i t i o n s  are 
w i t h i n  t h e  l i m i t s  d e f i n e d  i n  Appendix B .  The c a l c u l a t e d  f u e l  pump 
s u c t i o n  s p e c i f i c '  speed i s  10,640,  t h e  e s t i m a t e d  e f f i c i e n c y  i s  6 1 . 2 % ,  
and the c a l c u l a t e d  power requi rement  i s  509 horsepower.  The t e s t  head 
r ise  through t h e  f u e l  pump i s  shown i n  Appendix B .  These f u e l  pump re- 
quirements  were determined by a n a l y s i s  of  t h e  c y c l e  b a l a n c e  n e c e s s a r y  
f o r  b e s t  engine  o p e r a t i o n .  T h i s  pump c o n f i g u r a t i o n  has  been checked i n  
b o t h  r i g  and engine  t e s t s  t o  v e r i f y  i t s  a b i l i t y  t o  m e e t  t h e s e  r e q u i r e -  
ments.  

The f u e l  pump i m p e l l e r s  are machined from AMs 4135 aluminum a l l o y ,  
which has a 0.2% y i e l d  s t r e n g t h  of 54,000 p s i  a t  room tempera ture .  
C a l c u l a t e d  f u e l  pump i m p e l l e r  membrane stresses are shown i n  Appendix A. 
C a l c u l a t e d  f u e l  pump housing d e f l e c t i o n s  a r e  less than  0.010 i n c h  o r  
approximate ly  20% of minimum i m p e l l e r  c l e a r a n c e s .  

2. Oxid izer  Pump 

The o x i d i z e r  pump has a s i n g l e - s t a g e ,  f u l l y  shrouded i m p e l l e r .  This  
f u l l y  shrouded d e s i g n  a l lows  l a r g e r  c l e a r a n c e s  between t h e  i m p e l l e r  and 
hous ing ,  which e s s e n t i a l l y  e l i m i n a t e s  t h e  p o s s i b i l i t y  of i m p e l l e r  rub.  
A complete  o x i d i z e r  i m p e l l e r  and shroud are shown i n  f i g u r e  1-11. The 
pump has a c o l l e c t i n g  v o l u t e  and a s t r a i g h t  c o n i c a l  d i f f u s e r  f o r  re- 
covery of  t h e  v e l o c i t y  head.  The i m p e l l e r  h a s  r a d i a l  vanes on t h e  r e a r  
shroud.  T h r u s t  i s  275 2 50 l b  i n  t h e  a f t  d i r e c t i o n  which i s  c a r r i e d  by 
t h e  t h r u s t  b e a r i n g .  A t h r e e - b l a d e d ,  a x i a l - f l o w ,  f u l l y  shrouded inducer  
( f i g u r e  1-12) i n c r e a s e s  i m p e l l e r  i n l e t  p r e s s u r e  above v e h i c l e  supply  p r e s -  
s u r e  t o  p r e v e n t  i m p e l l e r  c a v i t a t i o n .  The inducer  shroud i n c o r p o r a t e s  a 
l a b y r i n t h  s e a l  t o  minimize leakage .  

The o x i d i z e r  pump w a s  des igned  t o  o p e r a t e  a t  12,000 rpm w i t h  a mini-  
mum n e t  p o s i t i v e  s u c t i o n  head of 30 .3  f e e t  of l i q u i d  oxygen. The p r e s e n t  
o p e r a t i n g  p o i n t  f o r  t h e  pump i s  11,350 rpm and w i l l  p r o v i d e  a minimum 
weight  f low of 29 .3  l b / s e c  w i t h  a head rise of 877 feet  o f  oxygen based 
on i n l e t  d e n s i t y ,  when i n l e t  t empera ture  and p r e s s u r e  c o n d i t i o n s  are wi th-  
i n  t h e  l i m i t s  d e f i n e d  i n  Appendix B .  The c a l c u l a t e d  o x i d i z e r  pump s u c t i o n  
s p e c i f i c  speed i s  11,910, t h e  e s t i m a t e d  e f f i c i e n c y  i s  67%, and t h e  c a l c u -  
l a t e d  power requirement  i s  78.2 horsepower.  P r e d i c t e d  o x i d i z e r  pump p e r -  
formance and c a l c u l a t e d  head r i s e  are shown i n  Appendix B .  

I- 12 
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F i g u r e  1-11. O x i d i z e r  Pump Shrouded I m p e l l e r  FE 39351 

F i g u r e  1-12. Oxid ize r  Pump Shrouded Induce r  FE 39352 
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3. Turbine 

The turbine is a two-stage, partial-admission, impulse type. Both 
blade stages are manufactured in a single rotor and are fully shrouded 
to minimize blade tip leakage. Photographs of the turbine rotor before 
and after shroud installation are shown in figures 1-13 and 1-14. 

The turbine was designed to deliver 824 horsepower at 30,000 rpm. 
At the present operating point the turbine delivers 592 horsepower at 
28,400 rpm with an inlet temperature of 331"R, a total inlet pressure 
of 649 psi, a discharge temperature of 312"R, and a discharge pressure 
of 436 psia. Most of the 213 psi pressure drop occurs in the turbine 
inlet nozzles. 

The estimated turbine-efficiency of 58.8% is shown in Appendix B. 
Flow of hydrogen gas through the turbine at rated steady-state conditions 
is approximately 95% of the total hydrogen flow through the engine. The 
remaining fuel is bypassed by the thrust control. 

The calculated turbine rotor stresses at 30,000 rpm as shown in 
Appendix A, are below the allowable stresses for the AMs 4127 aluminum 
material. A conical web between the rim and bore bends to absorb rim 
growth, which minimizes hub distortion to prevent unbalance. 
analysis of the turbine rotor indicates that the resonant frequencies 
are outside the maximum operating range. 

Vibration 

Figure 1-13. Turbine Rotor Without Shroud 
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F i g u r e  1-14. Turbine  Rotor  w i t h  Shroud 
A f t e r  Running 

FE 9530 

4 .  Turbopump Dr ive  System 

The turbopump d r i v e  system c o n s i s t s  of t h e  b e a r i n g s ,  seals ,  s h a f t s ,  
and g e a r s  i n  t h e  turbopump hous ing .  The main d r i v e  s h a f t ,  which t r a n s -  
m i t s  power t o  d r i v e  t h e  f u e l  pump, a l s o  p rov ides  passages  f o r  hydrogen 
c o o l a n t  f low t o  t h e  b a l l  b e a r i n g  t h a t  s u p p o r t s  t h e  s h a f t  a t  t h e  t u r b i n e  
d r i v e  end. 
pump i n l e t ;  t h e  f low p a t h  i s  shown i n  f i g u r e  1-15. 

The supply  of  l i q u i d  hydrogen i s  b l e d  from t h e  2nd-stage f u e l  

The b a l l  b e a r i n g  a t  t h e  t u r b i n e  d r i v e  end i s  pre loaded  by a s p r i n g  
washer t h a t  imposes a n  a d d i t i o n a l  t h r u s t  load  on t h e  t h r u s t  b e a r i n g  and 
ensu res  proper  bea r ing  load ing .  The f u e l  pump and t u r b i n e  combined 
t h r u s t  l oad  i s  t r a n s f e r r e d  t o  t h e  main pump hous ing  by a b a l l  t h r u s t  
bea r ing .  

Spur  g e a r s  on t h e  main d r i v e  s h a f t ,  i d l e r  s h a f t ,  and o x i d i z e r  pump 
s h a f t  t r a n s m i t  the power d r i v e s  t o  t h e  o x i d i z e r  pump s h a f t .  The g e a r s  
are made of AMs 6260 material. C a l c u l a t e d  load  c h a r a c t e r i s t i c s  f o r  t h e  
g e a r s  are shown i n  Appendix A. 
p o r a t e s  f i v e  l u g s  t h a t  p rov ide  t h e  tachometer  g e n e r a t o r  d r i v e  pickup 
p o i n t s  . 

The o x i d i z e r  pump s h a f t  gea r  a l s o  i n c o r -  
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wfl I W  

F i g u r e  1-15.  Bear ing  Coolant  Schematic  

Liquid  hydrogen c o o l a n t  i s  s u p p l i e d  t o  t h e  gearbox 

FD 3167A 

d o x i d i z e r  s h  f t  
from a plenum t h a t  i s  a cored passage  i n  t h e  f u e l  pump hous ing .  The plenum 
i s  s u p p l i e d  by a t r a n s f e r  tube  from t h e  1 s t - s t a g e  pump c o n t o u r .  The c a l c u -  
l a t e d  f low rate  r e q u i r e d  t o  c o o l  t h e  b e a r i n g s  and g e a r s  i n  t h e  gearbox i s  
0.01 l b / s e c ,  based on t h e  h e a t  g e n e r a t e d  due t o  t h e  t h r u s t  load  and f r i c t i o n  
of t h e  b e a r i n g s  and g e a r s  o p e r a t i n g  a t  d e s i g n  load  c o n d i t i o n s .  

The b e a r i n g s  and races of t h e  turbopump assembly,  which a r e  made from 
consumable-e lec t rode ,  vacuum-melted AMs 5630, were des igned  t o  o p e r a t e  
under t h e  fo l lowing  c o n d i t i o n s :  

1. Dry (no l u b r i c a n t )  
2 .  Temperature from 38OR t o  158"R. 

The fo l lowing  f e a t u r e s  are i n c o r p o r a t e d  i n  t h e  turbopump t h r u s t  b e a r i n g s :  

1. S p l i t  i n n e r  race b a l l  b e a r i n g s  
2 .  S e p a r a t o r  material  of  aluminum-armored p l a s t i c  
3 .  S p i n - r o l l  r a t i o  of 19% 
4 .  I n n e r  r a c e  r i d i n g  cages .  

Analys is  of t h e  f u e l  pump and o x i d i z e r  pump s h a f t s  showed c a l c u l a t e d  
c r i t i c a l  speeds of 44,000 rpm and 23,100 rpm, r e s p e c t i v e l y .  V i b r a t i o n  of  
t h e  f u e l  pump i s  minirmized by the dynamic b a l a n c i n g  of t h e  r o t a t i n g  p a r t s .  
(Refer  t o  Appendix A.)  
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The f u e l  pump i n t e r s t a g e  seal ( f i g u r e  1-16)  c o n s i s t s  of  a s i n g l e  
carbon-face  type  seal  t h a t  w a s  des igned  t o  l i m i t  l e akage  between pump 
s t a g e s  t o  the f low tha t  i s  r e q u i r e d  f o r  i n t e r s t a g e  t h r u s t  b e a r i n g  
coo l ing .  The carbon seal i s  suppor t ed  a g a i n s t  the r o t a t i n g  seal f a c e  
by a r e t a i n e r  t h a t  i s  loaded  by a s p r i n g  washer .  
the r e t a i n e r  p r e v e n t s  l eakage  from bypass ing  t h e  carbon seals.  

A m e t a l  seal  r i n g  i n  

IST-ST 
IMPELL 

F i g u r e  1-16.  F u e l  Pump I n t e r s t a g e  S e a l  FD 3150 

The f u e l  pump f a c e  seal  p r e v e n t s  l eakage  o f  f u e l  from t h e  2nd-stage 
pump i n l e t  i n t o  the gearbox chamber. T h i s  seal  ( f i g u r e  1 - 1 7 )  i s  a two- 
s t e p  c o n f i g u r a t i o n  t h a t  p r o v i d e s  the plenum f o r  1 s t - s t a g e  con tour  i n t e r -  
media te  p r e s s u r e  t o  e x i s t  between t h e  two carbon seal r i n g s .  The i n t e r -  
media te  p r e s s u r e  i s  used t o  c o o l  the i d l e r  s h a f t  and o x i d i z e r  pump s h a f t  
b e a r i n g s .  The carbon s e a l  r i n g s  are suppor ted  a t  t h e  r o t a t i n g  seal f a c e s  
by r e t a i n e r s  t h a t  are loaded by s p r i n g  washers ,  as shown ia  f i g u r e  1-17. 
A meta l  seal r i n g  i s  provided  i n  each r e t a i n e r  t o  p r e v e n t  leakage  from 
bypass ing  t h e  carbon seal  r i n g s .  

The t u r b i n e  r o t o r  seal  shown i n  f i g u r e  1-18 i s  a ca rbon- face  type  
seal that  w a s  des igned  t o  minimize l eakage  from the t u r b i n e  r o t o r  hous ing  
t o  t h e  gearbox chamber. The carbon seal i s  suppor t ed  a t  t h e  r o t a t i n g  s e a l  
f a c e  by a r e t a i n e r  t h a t  i s  loaded by a s p r i n g  washer .  A m e t a l  s e a l  i s  
provided  between the seal r e t a i n e r  and t h e  carbon s e a l  hous ing  t o  p r e v e n t  
carbon seal r i n g  bypass leakage .  
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F i g u r e  1 - 1 7 .  F u e l  Pump Face S e a l  FD 3148 

SPRING WASHER CARBON SEAL HO 

EA1 RETAINER 

1UUNG 

SEAL t :ACE 

F i g u r e  1-18. Turb ine  Rotor  S e a l  FD 3153 

The o x i d i z e r  pump s h a f t  sea l ,  which i s  l o c a t e d  between t h e  o x i d i z e r  
pump and gearbox,  i s  shown i n  f i g u r e  1-19 .  The seal  c o n s i s t s  of two 
be l lows  f a c e  type  pr imary  seals t h a t  minimize t h e  leakage  o f  f u e l  o r  ox i -  
d i z e r  and p rov ide  overboard  v e n t s  f o r  any l eakage  f low t h a t  may r e s u l t .  
The be l lows  i s  s p l i n e d  t o  a r e t a i n e r  that  abso rbs  t o r q u e  and p rov ides  
damping b u t  p e r m i t s  axial  t r a v e l .  Two carbon r i n g  seals, which are p o s i -  
t i o n e d  by s p r i n g  washers ,  are used as a backup seal  t o  p r e v e n t  mixing of 
f l u i d s  i n  case o f  any one pr imary seal f a i l u r e .  The backup seal a r r ange -  
ment i s  a l s o  ven ted  t o  an overboard connec t ion .  The a c c e s s o r y  d r i v e  pad 
seal ( f i g u r e  1-20) i s  a be l lows- type  ca rbon- face  seal t h a t  r e s t r i c t s  t h e  
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l eakage  of hydrogen c o o l a n t  i n t o  t h e  area between the turbopump and t h e  
d r i v e  s p l i n e .  

TO VENT COLLECTOR MANIFOLD 

RING 

F i g u r e  1-19. Ox id ize r  Pump S e a l  FD 3151A 

SEAL RETAINER- 
CARBON SEAL RING 

BELLOWS 

SEAL HOUSING 

F i g u r e  1-20 .  Accessory Dr ive  Pad S e a l  
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C. ACCESSORY DRIVE PAD 

An a c c e s s o r y  d r i v e  pad w i t h  gearbox t o r q u e  check a d a p t e r  
on t h e  a f t  end of  t h e  o x i d i z e r  pump s h a f t .  The pad conforms 
i s s u e  of  AND 20000. S p e c i f i c a t i o n s  f o r  i t s  u s e  are g i v e n  i n  
L i q u i d  Rocket Engine I n s t a l l a t i o n  Handbook. 

D. GEARBOX VENT AND PRESSURE RELIEF VALVE - 
The gearbox v e n t  and p r e s s u r e  r e l i e f  valve c o n s i s t s  of  a 

i s  l o c a t e d  
t o  the l a t e s t  
the RLlOA-3-1 

s p r i n g -  
operated-poppet ; type v a l v e  and a bypass b l e e d  o r i f i c e .  
t o  m a i n t a i n  gearbox p r e s s u r e  a t  18 t o  25 p s i  above ambient p r e s s u r e .  
The bypass b l e e d  o r i f i c e  p r o v i d e s  a v e n t  d u r i n g  purg ing .  
mounted on t h e  f u e l  pump d r i v e  gearbox hous ing .  

The v a l v e  s e r v e s  

The valve i s  

E .  THRUST CHAMBER 

The t h r u s t  chamber i s  a brazed  assembly t h a t  c o n s i s t s  o f  a n  i n l e t  mani- 
f o l d ,  180 s h o r t  s i n g l e - t a p e r e d  t u b e s ,  tu rnaround o r  rear mani fo ld ,  180 
f u l l - l e n g t h  double- tapered  t u b e s ,  e x i t  o r  f r o n t  mani fo ld ,  e x t e r n a l  s t i f -  
f e n e r s ,  and s t r u c t u r a l  members f o r  suppor t  o f  engine  equipment.  The f u l l -  
l e n g t h  t u b e s  l e a d  a x i a l l y  rearward  f r m  t h e  e x i t  mani fo ld  and form t h e  f u l l  
p e r i p h e r y  of  t h e  combustion chamber, t h r o a t ,  and forward p a r t  o f  t h e  ex- 
pans ion  chamber. The s h o r t  t u b e s  l e a d  rearward from t h e  i n l e t  mani fo ld  
and i n t e r l e a v e  between t h e  f u l l - l e n g t h  t u b e s  t o  form t h e  remainder  o f  t h e  
expansion chamber. The turnaround manifold a t  t h e  a f t  end of  t h e  expans ion  
n o z z l e  t r a n s f e r s  c o o l a n t  from t h e  s h o r t  t u b e s  t o  t h e  f u l l - l e n g t h  t u b e s .  
The f u e l ,  which acts  as t h e  c o o l a n t ,  f lows rearward from t h e  i n l e t  mani fo ld  
through t h e  s h o r t  t u b e s  i n t o  t h e  turnaround mani fo ld ,  and through t h e  f u l l -  
l e n g t h  t u b e s  t o  t h e  e x i t  mani fo ld .  F i g u r e  1-21  shows examples of  t h e  f u l l -  
l e n g t h  double- tapered  and s h o r t  s i n g l e - t a p e r e d  t u b e s .  The brazed j o i n t s  
between t h e  t u b e s  serve mainly as a seal  because t h e  chamber hoop l o a d s  are 
c a r r i e d  by t h e  r e i n f o r c i n g  bands. These bands a l s o  minimize t h e  e f f e c t  o f  
any flow-induced v i b r a t i o n .  C a l c u l a t e d  stresses f o r  v a r i o u s  l o c a t i o n s  con- 
s i d e r e d  t o  be most c r i t i c a l  a r e  shown on a c r o s s  s e c t i o n  o f  t h e  t h r u s t  
chamber i n  Appendix A. 

F i g u r e  1 - 2 1 .  F u l l - L e n g t h  Double-Tapered Tube and FE 3143 
S h o r t  S ingle-Tapered Tube 
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The f u e l  p a s s i n g  through t h e  t h r u s t  chamber t u b e s  must c o o l  t h e  
tubes  t o  m a i n t a i n  t h e i r  s t r u c t u r a l  soundness ,  and i n  doing  th i s  t h e  f u e l  
r e c e i v e s  enough h e a t  t o  supp ly  t u r b i n e  power f o r  p r o p e l l a n t  pumping. 
The p a r t i a l  two-pass method of chamber c o n s t r u c t i o n  w a s  adopted as a 
means of a c h i e v i n g  h i g h e r  c o o l a n t  v e l o c i t y  a t  t h e  e x i t  end of t h e  t h r u s t  
chamber, t he reby  i n c r e a s i n g  t h e  h e a t  t r a n s f e r  t o  f u e l  and r educ ing  tube  
w a l l  t empera tu re .  The p r e s s u r e  drop  through t h e  t h r u s t  chamber i s  150 .5  p s i  
and t h e  tempera ture  r ise i s  280"R. 
a te  t h e  t u r b i n e  a t  t h e  d e s i g n  pain% w i t h  approximate ly  5% of t h e  f u e l  by- 
p a s s i n g  t h e  t u r b i n e .  

This h e a t  i n p u t  i s  s u f f i c i e n t  t o  oper -  

A t  d e s i g n  c o n d i t i o n s ,  t h e  combustion chamber p r e s s u r e  i s  300 p s i a  
w i t h  a nominal o x i d i z e r - f u e l  mix tu re  r a t i o  of 5 t o  1 by we igh t ,  a com- 
b u s t i o n  chamber gas  t empera tu re  of 5904"R, and a t o t a l  p r o p e l l a n t  f low 
of 34.8 pounds p e r  second.  The combustion chamber has an L* (chamber 
volume d i v i d e d  by t h r o a t  a r e a )  of 31.6 i n c h e s .  The CJc combustion e f f i c -  
i e n c y ,  o r  c h a r a c t e r i s t i c  ex i t  t l s l o c i t y  e f f i c i e n c y  i s  e s t i m a t e d  a t  97.3%. 
The t h r u s t  chamber has  an expans ion  r a t i o  of 40 t o  1, and t h e  e s t i m a t e d  
s p e c i f i c  impulse i s  433 seconds a t  t h e  d e s i g n  p o i n t  mix tu re  r a t i o .  
Es t imated  v a r i a t i o n  of s p e c i f i c  impulse w i t h  mix tu re  r a t i o  i s  shown i n  
Appendix D.  

Design o f  t h e  t h r u s t  chamber took  i n t o  c o n s i d e r a t i o n  t h e  r e l a t i o n -  
s h i p  of t ube  stresses,  t u b e  p l a s t i c  s t r a i n ,  chamber hoop stresses,  and 
v i b r a t i o n .  I n d i v i d u a l  t u b e  stresses i n  the hoop p l a n e  of t h e  chamber 
t h a t  are caused  by i n t e r n a l  p r e s s u r e  are uni formly  low (below 13,000 p s i ) .  
Thrus t  chamber tube  t empera tu res  and p r e s s u r e s  are p l o t t e d  i n  Appendix D.  
S t r e s s e s  i n  t h e  a x i a l  p l a n e  r e s u l t i n g  from t h e  t empera tu re  g r a d i e n t s  
a c r o s s  t h e  n o z z l e  w a l l  are i n  t h e  p l a s t i c  range  i n  some l o c a t i o n s ,  b u t  
a r e  w e l l  below t h e  u l t i m a t e  s t r e n g t h  of t h e  material due t o  t h e  n a t u r e  
of t h e  l o a d i n g .  

The n o z z l e  con tour  i s  based  on a method of c h a r a c t e r i s t i c s  s o l u t i o n  
f o r  i d e a l  expans ion  t h a t  minimizes  t h e  fo rma t ion  of s t r o n g  shock waves. 
The n o z z l e  i s  t r u n c a t e d  t o  p rov ide  an a p p r e c i a b l e  d e c r e a s e  i n  weight  
w i t h  l i t t l e  e f f e c t  on t h r u s t  o r  s p e c i f i c  i m p u l s e .  The d e c r e a s e  i n  
f r i c t i o n  l o s s e s  w i t h  the t r u n c a t e d  d e s i g n  i s  more advantageous than  t h e  
t h e o r e t i c a l  t h r u s t  i n c r e a s e  r e s u l t i n g  from us ing  a n  i d e a l  n o z z l e  l e n g t h .  

F. PROPELLANT INJECTOR 

The p r o p e l l a n t  i n j e c t o r  a tomizes  and promotes mixing o f  t h e  f u e l  
and o x i d i z e r  t o  p rov ide  the c o r r e c t  c o n d i t i o n s  f o r  i g n i t i o n  and e f f i c i e n t  
combustion. 

The p r o p e l l a n t  i n j e c t o r  c o n s i s t s  of 216 e lements  a r r anged  i n  8 
e q u a l l y  spaced c o n c e n t r i c  c i rc les .  Each e lement  c o n s i s t s  of a l i q u i d  
oxygen n o z z l e  and a c o n c e n t r i c  f u e l  annulus .  A l l  oxygen n o z z l e s ,  e x c e p t  
t hose  i n  the i n n e r  and o u t e r  rows, i n c o r p o r a t e  swirlers ( s p i r a l  d e f l e c -  
t o r s ) .  The d e s i g n  i n c o r p o r a t e s  l e f t - h a n d  and r i g h t - h a n d  swirlers t h a t  
are a l t e r n a t e l y  spaced i n  each of the s ix  rows of n o z z l e s .  
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The p r o p e l l a n t  d i s c h a r g e  from t h e  c o n c e n t r i c  o r i f i c e s  i s  normal t o  
t h e  i n j e c t o r  s u r f a c e .  The c o n c e n t r i c  j e t  des ign  wi th  o x i d i z e r  swirlers 
b r i n g s  t h e  f u e l  and o x i d i z e r  i n t o  immediate c o n t a c t  when they  l e a v e  t h e  
rear f a c e  of t h e  i n j e c t o r .  Th i s  des ign  s h o r t e n s  t h e  r e q u i r e d  mixing 
t i m e ,  minimizes combustion i n s t a b i l i t y ,  improves combustion e f f i c i e n c y ,  
and improves engine  s p e c i f i c  impulse.  

The o x i d i z e r  and f u e l  o r i f i c e s  are s u p p l i e d  from two s e p a r a t e  cham- 
b e r s  that  are formed by t h e  assembly of t h r e e  mutua l ly  suppor ted  c o n i c a l  
p l a t e s .  L iqu id  o x i d i z e r  i s  s u p p l i e d  t o  t h e  forward chamber through a 
c e n t r a l  mani fo ld .  Machined tubes  p r o j e c t i n g  from the  c e n t e r  p l a t e  form 
t h e  o x i d i z e r  o r i f i c e s .  The tubes  ex tend  through h o l e s  i n  t h e  rear p l a t e  
t hus  forming a n n u l a r  f u e l  o r i f i c e s  as shown i n  f i g u r e  1-22 ,  The rear 
p l a t e  i s  formed of  porous welded s tee l  mesh t o  p rov ide  t r a n s p i r a t i o n  
coo l ing  of t h e  i n j e c t o r  f a c e ,  which t o t a l s  0.56 l b / s e c  o r  1 0 . 4 %  of t h e  
t o t a l  f u e l  f low. The c a l c u l a t e d  s t e a d y - s t a t e  average  tempera ture  of t h e  
porous i n j e c t o r  r e a r  f a c e p l a t e ,  as a f u n c t i o n  of t h e  p r e s e n t  t o t a l  f u e l  
f low pass ing  through t h i s  p l a t e ,  i s  shown i n  Appendix D.  

N O R M A L  

SPARK IGNITER SLEEVE 

OPERATING TEMPERATURES 6 PRESSURE 

P CHAMBER = 302 PSIA 

T COMB = 581OOF N O R M A L  OPERATING METAL TEMPERAIURES 
P AMBIENT = 0 PSIA 

P OXIDIZER = 362 PSIA 

T O X I D I Z E R  = -293'F 

P FUEL = 347 PSIA 

T FUEL = -171°F 

POINT 
1 t 3 8 0 ' F  

2 -230°F 

3 -293 'F  

4 - 2 8 5 ° F  

5 -285'F 

6 -150'F 

F i g u r e  1 - 2 2 .  P r o p e l l a n t  I n j e c t o r  FD 1554B 

F i g u r e  1-22 i s  a d e t a i l  c r o s s  s e c t i o n  of t h e  i n j e c t o r  showing t h e  
t a b u l a t e d  normal o p e r a t i n g  tempera ture  and p r e s s u r e  c o n d i t i o n s  of  t h e  
p r o p e l l a n t  i n j e c t o r  head.  The maximum bending stress c a l c u l a t e d  f o r  t h e  
t h r e e  cones and t h e  f u e l  i n l e t  mani fo ld  i s  70,000 p s i .  A d d i t i o n a l  stress 
d a t a  are g iven  i n  Appendix A. 

G. PROPELLANT PIPING 

The main p r o p e l l a n t  p i p i n g  sys tem i s  composed of  t h e  fo l lowing  f i v e  
l i n e s  an  t h e  engine: 
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1. Oxidizer  pump t o  i n j e c t o r  t u b e  
2 .  1 s t - s t a g e  f u e l  pump d i s c h a r g e  t o  2nd-stage f u e l  pump i n l e t  t u b e  
3 .  F u e l  pump d i s c h a r g e  t o  t h r u s t  chamber 

a .  F u e l  pump t o  cooldown v a l v e  
b.  Cooldown v a l v e  t o  t h r u s t  chamber 

4 .  T h r u s t  chamber o u t l e t  t o  t u r b i n e  i n l e t  t u b e  
5 .  Turb ine  d i s c h a r g e  t o  i n j e c t s r  i n l e t  tube .  

The main p r o p e l l a n t  system u s e s  r i g i d  l i n e s  to w i t h s t a n d  f l u i d  p r e s -  
s u r e  l o a d s  and t o  c a r r y  suppor t  l o a d s  between f l a n g e s .  The u s e  of  AIS1 
347 s tee l  was d i c t a t e d  by e l o n g a t i o n  p r o p e r t i e s  a t  c ryogenic  c o n d i t i o n s  
and e a s e  of  f a b r i c a t i n g  h i g h  q u a l i t y  welded j o i n t s .  Because of i n d e t e r -  
mina te  i n s t a l l a t i o n  l o a d s  a s  a r e s u l t  o f  t o l e r a n c e  accumulat ion and thermal  
l o a d s ,  w a l l  t h i c k n e s s  o f  each  manifold i s  based upon 1.4 times t h e  maxi- 
mum t r a n s i e n t  p r e s s u r e ,  w i t h  hoop stresses e s t a b l i s h e d  c o n s e r v a t i v e l y  low 
t o  a l l o w  f o r  a l l  o t h e r  l o a d s .  

A l l  p i p i n g  connec t ions  except  t h e  chamber i n l e t  f l a n g e  a r e  s e a l e d  
w i t h  r a d i a l - l o a d e d  T e f l o n - p l a t e d  c o n i c a l  aluminum a n g l e  g a s k e t  s e a l s ,  as 
shown i n  f i g u r e  1-23.  The chamber i n l e t  c o n n e c t i o n  i s  s e a l e d  w i t h  a 
s i m i l a r  sea l  d e s i g n ,  e x c e p t  t h a t  a n  uncoated s t a i n l e s s  s tee l  g a s k e t  i s  
used. Tolerance  c o n t r o l  on p i p i n g  i s  h e l d  c l o s e l y  t o  m a i n t a i n  al ignment  
r e q u i r e d  f o r  a n g l e  g a s k e t  seal  j o i n t s .  The a n g l e  g a s k e t  s e a l  i s  used be- 
c a u s e  of  i t s  a b i l i t y  t o  s e a l  gaseous  f l u i d s  and w i t h s t a n d  long-term 
s t o r a g e .  

CRUSHED CORNER r 

LTEFLON COATED ANGLE GASKET 

BEFORE ASSEMBLY AFTER ASSEMBLY 

F i g u r e  1-23.  P r o p e l l a n t  P i p e  S e a l i n g  Method F D  1557 

H. ENGINE PLUMBING 

S m a l l  l i n e s  on the e n g i n e ,  
des igned  t o  w i t h s t a n d  i n t e r n a l  
l o a d s .  Length between s u p p o r t  
MIL-P-5518B as a g u i d e .  

which are made from AMS 5571 t u b i n g ,  are 
p r e s s u r e s ,  v i b r a t i o n ,  and i n s t a l l a t i o n  
c e n t e r s  i s  a d j u s t e d  u s i n g  S p e c i f i c a t i o n  
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Small line connections and sealing is accomplished by the use of 
ferrules that are brazed to the tube. AN type fittings with 37.5-degree 
cone angle are used with a Teflon-coated aluminum flat gasket for sealing 
on bosses as shown in figure 1-24. 

LII  IT- CONE-END CONNECTOR-, 

I l l  I 

I .-. "--I.L 

\FERRULE BRAZED TO TUBE 

Figure 1-24. Small Line Sealing Method FD 3166A 

I. ENGINE MOUNT SYSTEM 

The engine is attached to the vehicle by means of a gimbal mount 
assembly that consists of an aluminum pedestal, steel (lubricant coated) 
gimbal pins, a steel (lubricant coated) disc, and a conical aluminum 
engine mount. The gimbal assembly is shown in figure 1-25. 

MAXIMUM STRESSES ALLOWABLE STRESSES 

~,,,,,,, = 85,000 PSI 10.29; YIELD) PINS S,,,,,,, 64.5OOPSI 

DISC S,fND,NG = 15,900 PSI s,tND(W, = 85.000 PSI 

CONE scoM~INfD = 46,200 PSI SCO,,,,,NID = 6 5 , 0 0 0  PSI 

OVERALL GIMBAL STRENGTH 
COMPRESSION 21,500 L I  
TORQUE = 7500 LO - IN. 

Figure 1-25. Gimbal Assembly 
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The steel p i n s  and d i s c  t h a t  connec t  t h e  p e d e s t a l  t o  t h e  c o n i c a l  
mount a l low a u n i v e r s a l  gimbal ing a c t i o n .  
t o  gimbal i n  a minimum squa re  p a t t e r n  of +_ 4 d e g r e e s .  

These p a r t s  a l low t h e  engine  

The mount i s  secu red  t o  t h e  eng ine  by s i x  b o l t s  t h a t  pas s  through 
t h e  bottom of t h e  c o n i c a l  mount and t h r e a d  i n t o  t h e  p r o p e l l a n t  i n j e c t o r .  
Four  h o l e s  are provided  i n  t h e  p e d e s t a l  f o r  a t tachment  t o  t h e  v e h i c l e .  

Two l u g s  are l o c a t e d  below t h e  t h r o a t  of t h e  engine  on t h e  t h r u s t  
chamber i n l e t  mani fo ld  f o r  a t tachment  of v e h i c l e  t h r u s t  v e c t o r i n g  a c t u -  
a t o r s .  Appendix A g i v e s  t h e  stresses i n  t h e s e  a t t achmen t s .  The c a l c u -  
l a t e d  maximum stresses and t h e  a l lowab le  stresses f o r  t h e  gimbal mount 
are shown i n  f i g u r e  1-25 .  

J. ELECTRICAL REQUIREMENTS 

The RLlOA-3-1 engine  r e q u i r e s  28  v o l t s  dc e l e c t r i c a l  power f o r  p r e -  
s t a r t  and s t a r t  s o l e n o i d  v a l v e  o p e r a t i o n  and engine  i g n i t i o n .  S teady-  
s t a t e  v o l t a g e  i s  20 t o  30 v o l t s  dc .  S p e c i f i c  power requi rements  are 
as fol lows:  

1. I g n i t i o n  System - 2.5 amperes a t  28 v o l t s  dc f o r  a minimum 
2 seconds  du r ing  each  eng ine  s t a r t i n g  c y c l e .  

2 .  F u e l  p r e s t a r t ,  o x i d i z e r  p re s t a r t ,  and s t a r t  s o l e n o i d  v a l v e s  
2 . 0  amperes  a t  28 v o l t s  dc  f o r  each  v a l v e .  

K. I G N I T I O N  SYSTEM 

1. Genera l  

of 

-- 

The i g n i t i o n  sys tem c o n s i s t s  of a s p a r k  i g n i t e r ;  a r i g i d ,  r a d i o -  
s h i e l d e d ,  h i g h - t e n s i o n  l ead ;  and an e x c i t e r  assembly. A t  t h e  beginning  
of t h e  s t a r t  c y c l e ,  which fo l lows  t h e  p res ta r t  (cooldown) c y c l e ,  t h e  
v e h i c l e  s u p p l i e s  power t o  t h e  s p a r k  i g n i t e r  f o r  approximate ly  2 .0  seconds.  
The e x a c t  l e n g t h  of t i m e  i s  governed by v e h i c l e  programing and i s  inde -  
pendent of t h e  a c t u a l  t i m e  r e q u i r e d  f o r  combustion t o  begin  i n  t h e  t h r u s t  
chamber. The e x c i t e r  releases a c a p a c i t a n c e  d i s c h a r g e  t o  a h igh  v o l t a g e  
spa rk  i g n i t e r  t h a t  i s  i n s t a l l e d  i n  t h e  p r o p e l l a n t  i n j e c t o r  of t h e  eng ine .  
The e x c i t e r  f u r n i s h e s  a minimum of 20 s p a r k s  p e r  second a t  a nominal 
s t o r e d  energy  level of 0 .5  j o u l e  p e r  s p a r k .  

The e x c i t e r  assembly and h igh - t ens ion  l e a d  are h e r m e t i c a l l y  s e a l e d  
and i n t e r n a l l y  p r e s s u r i z e d  t o  20 t o  30 p s i a  t o  p reven t  e l e c t r i c a l  b reak-  
down when o p e r a t i n g  under vacuum c o n d i t i o n s .  Epoxy c o a t i n g  i s  a p p l i e d  
t o  t h e  e x t e r n a l  s u r f a c e s  and j o i n t s  of t h e  system t o  minimize t h e  p o s s i -  
b i l i t y  of i n t e r n a l  p r e s s u r e  l o s s .  

F u e l  and o x i d i z e r  are f e d  i n t o  the annulus  sur rounding  t h e  s p a r k  
i g n i t e r  ( f i g u r e  1-26) .  
f l u i d s  f low toward t h e  s p a r k  i g n i t e r  t i p .  The s p a r k  i g n i t e r  is r eces sed  
i n  t h e  i n j e c t o r  f a c e  t o  form a chamber t h a t  t ends  t o  keep t h e  combust ib le  
mix tu re  c o n c e n t r a t e d  nea r  the spa rk .  

The annulus  s e r v e s  as a mixing chamber as t h e  

1-25 
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OXIDIZER 
INLET i 

FUEL METERING 

IGH TENSION 
LEAD ATTACHMENT 

F i g u r e  1 - 2 6 .  I g n i t e r  Assembly FD 3134 

The spa rk  i g n i t e r  e l e c t r o d e  c o n f i g u r a t i o n  p r o h i b i t s  t h e  accumulat ion 
of moi s tu re  and p rov ides  many sha rp  c o r n e r s  t o  reduce and s t a b i l i z e  t h e  
breakdown v o l t a g e  r e q u i r e d .  

2. O p e r a t i o n a l  Theory 

For  th is  d i s c u s s i o n ,  r e f e r  t o  f i g u r e  1 - 2 7 .  Low v o l t a g e  dc power, 
supp l i ed  t o  t h e  two-pin i n p u t  connec to r ,  passes from t h e  connec tor  through 
a r a d i o  n o i s e  f i l t e r .  Th i s  i n t e r n a l  f i l t e r  c i r c u i t ,  which p reven t s  h i g h  
frequency feedback i n t o  t h e  v e h i c l e  e lec t r ica l  system, i s  a r ranged  t o  a l low 
t h e  use  of a s o l i d  s t a t e  swi t ch ing  d e v i c e  by t h e  v e h i c l e  manufac turer .  
From t h e  f i l t e r ,  t h e  i n p u t  c u r r e n t  reaches  t h e  pr imary of a t r ans fo rmer  
t h a t  i s  an  i n t e g r a l  p a r t  of t h e  v i b r a t o r .  Th i s  c u r r e n t  passes from t h e  
primary through a p a i r  of normally c l o s e d  c o n t a c t s  t o  ground. 
c a p a c i t y  (C4)  i s  connected a c r o s s  t h e s e  c o n t a c t s  t o  damp e x c e s s i v e  a r c i n g .  

A breake r  

With t h e  c o n t a c t s  c l o s e d ,  t h e  f low of c u r r e n t  through t h e  c o i l  pro-  
duces a magnet ic  f i e l d .  The magnet ic  f o r c e  e x e r t e d  by t h i s  f i e l d  p u l l s  
t h e  a rmature  a g a i n s t  t h e  t e n s i o n  of t h e  s p r i n g  on which i t  is mounted. 
The movement of t h e  a rmature  causes  t h e  c o n t a c t  p o i n t s  t o  open, t h e  flow 
of c u r r e n t  s t o p s ,  and t h e  magnet ic  f i e l d  c o l l a p s e s .  The s p r i n g  t e n s i o n  
then  r e t u r n s  t h e  a rmature  t o  i t s  o r i g i n a l  p o s i t i o n ,  c l o s i n g  t h e  c o n t a c t s ,  
and t h e  c y c l e  recommences. 

Each t i m e  t h e  magnet ic  f i e l d  c o l l a p s e s ,  i t  induces  a h i g h  v o l t a g e  
i n  t h e  secondary of t h e  v i b r a t o r  t r ans fo rmer .  Th i s  produces s u c c e s s i v e  
p u l s e s  f lowing through a gas-charged r e c t i f i e r  t ube  (Vl) t h a t  l i m i t s  t h e  
f low t o  a s i n g l e  d i r e c t i o n  and i n t o  t h e  s t o r a g e  c a p a c i t o r  ( C 5 ) .  
s t o r a g e  c a p a c i t o r  (C5)  accumulates  a n  i n c r e a s i n g  charge  a t  a c o n s t a n t l y  
i n c r e a s i n g  v o l t a g e .  

The 

When t h i s  i n t e r m e d i a t e  v o l t a g e  r eaches  t h e  prede termined  l e v e l  f o r  
which t h e  s e a l e d  spa rk  gap i n  t h e  d i s c h a r g e r  t ube  (V2) has been ca l i -  
b r a t e d ,  t h e  gap b reaks  down. 
t h e  s t o r a g e  c a p a c i t o r  fo l lows  a p a t h  through t h e  pr imary of t h e  i n d i c a t i n g  

A p o r t i o n  of t h e  accumulated charge  on 

1-26 
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c i r c u i t  t r a n s f o r m e r  (T2) ,  the pr imary  of t h e  t r i g g e r i n g  t r ans fo rmer  ( T l ) ,  
t h e  t r i g g e r  c a p a c i t o r  (C6) t o  ground,  and back through the d i s c h a r g e r  
t ube  (V2) t o  the o p p o s i t e  s i d e  of t h e  s t o r a g e  c a p a c i t o r  (C5). 

Th i s  s u r g e  of c u r r e n t  induces  a v o l t a g e  i n  the secondary  of the 
t r i g g e r  t r a n s f o r m e r  ( T l )  s u f f i c i e n t  t o  i o n i z e  t h e  gap a t  the s p a r k  i g n i t e r  
and produce a t r i g g e r  s p a r k .  The remainder  of t h e  accumulated energy  on 
t h e  s t o r a g e  c a p a c i t o r  i s  immediately d i s c h a r g e d  through the secondary  of 
the t r i g g e r  t r a n s f o r m e r  and d i s s i p a t e d  a t  the s p a r k  i g n i t e r .  The p a t h  
of f low i n  the d i s c h a r g e  c i r c u i t  i s  through t h e  pr imary  of the i n d i c a t i n g  
c i r c u i t  t r a n s f o r m e r  (T2), t h e  secondary  of t h e  t r i g g e r i n g  t r ans fo rmer  ( T l ) ,  
t h e  s p a r k  i g n i t e r  t o  ground,  and back through t h e  d i s c h a r g e r  t u b e  (V2) 
t o  t h e  o p p o s i t e  s i d e  o f  the s t o r a g e  c a p a c i t o r .  

The b l e e d e r  r e s i s t o r  (R2) forms a p a r t  of t h e  c a p a c i t o r  cha rg ing  
c i r c u i t  and s e r v e s  t o  d i s s i p a t e  t h e  r e s i d u a l  cha rge  on t h e  t r i g g e r  
c a p a c i t o r  between t h e  comple t ion  of one d i s c h a r g e  a t  the s p a r k  i g n i t e r  
and t h e  beginning  of t h e  n e x t  c y c l e .  

The s p a r k  ra te  w i l l  v a r y ,  depending on t h e  v a l u e  of the i n p u t  v o l t a g e  
and t h e  e x c i t e r  t empera tu re .  A t  lower i n p u t  v o l t a g e  v a l u e s ,  more t ime 
w i l l  be  r e q u i r e d  t o  raise t h e  i n t e r m e d i a t e  v o l t a g e  on t h e  s t o r a g e  c a p a c i t o r  
t o  t h e  l e v e l  n e c e s s a r y  t o  break  down t h e  s p a r k  gap. However, s i n c e  t h a t  
l e v e l  i s  e s t a b l i s h e d  by t h e  p h y s i c a l  p r o p e r t i e s  of the gap i n  the s e a l e d  
d i s c h a r g e r  t u b e ,  a f u l l  s t o r e  of energy w i l l  always be  accumulated by the 
s t o r a g e  c a p a c i t o r  b e f o r e  d i s c h a r g e .  A t  lower ambient t empera tu res ,  t h e  
copper  l o s s e s  i n  the c i r c u i t  become less and t h e  c a p a c i t y  of the s t o r a g e  
c a p a c i t o r  i s  lowered,  which causes  t h e  s p a r k  rate t o  i n c r e a s e .  

A coupl ing  t r ans fo rmer  (T2) d i v e r t s  a f r a c t i o n  of the d i s c h a r g i n g  
energy  i n t o  the s p a r k  i n d i c a t i n g  c i r c u i t .  The d i o d e s ,  r e s i s t o r s ,  and 
c a p a c i t o r s  of  t h i s  c i r c u i t  r e c t i f y  t h e s e  p u l s e s  t o  an approximate 6 .5  
v o l t  dc s i g n a l .  Connect ion of a s u i t a b l e  i n d i c a t i n g  d e v i c e  t o  t h e  ex- 
t e r n a l  two-pin connec to r  p rov ides  a moni tor  of t h e  i g n i t i o n  systems 
o p e r a t i o n .  

1 - 2 7  



Pratt & Whitney Qircraft 
PWA FR-1042 

SECTION I1 
INSTALLATION DRAWING 

The i n s t a l l a t i o n  drawing of  t h e  RLlOA-3-1 e n g i n e  assembly  i s  shown 
i n  f i g u r e  11-1. 

11- 1 
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SECTION I11 
ASSEMBLY DMWING 

The assembly drawing for the RLlOA-3-1 engine assembly is shown in 
figure 111- 1. 
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SECTION I V  
WEIGHT BREAKDOWN 

The weight  breakdown of  t h e  RLlOA-3-1 e n g i n e  assembly i s  shown i n  
t a b l e  I V - 1 .  

Table  I V - 1 .  RLlOA-3-1 Assembly Weight Breakdown - 
Component Weight,  l b  

I n j e c t o r  As s emb 1 y 
T h r u s t  Chamber 
Tu r b o p ump 
Turbopump Mounts 
Engine Mount 
I g n i t i o n  System 
O x i d i z e r  I n l e t  S h u t o f f  Valve 
F u e l  I n l e t  S h u t o f f  Valve 
O x i d i z e r  Flow C o n t r o l  Valve 
F u e l  Cooldown Valve I n t e r s t a g e  
F u e l  Cooldown Valve Downstream 
T h r u s t  C o n t r o l  Valve 
Main F u e l  S h u t o f f  Valve 
S o l e n o i d  Valves 
O x i d i z e r  Flow C o n t r o l  Valve t o  

F u e l  Pump t o  Downstream Cooldown 

Downstream Cooldown Valve t o  

T h r u s t  Chamber t o  Turb ine  
Turbine  t o  Main F u e l  S h u t o f f  Valve 
S m a l l  L i n e s  
Connect ing and M i s c e l l a n e o u s  Hardware 

I n j e c t o r  

Valve 

T h r u s t  Chamber 

13 .88  
101.30 

75 * 39 
3 .64  

11.15 
6.30 
5.62 
5.89 
6.85 
8.20 
7.39 
5.37 
4.21 
7 . 9 3  
2.56 

1 .27  

1.50 

6.45 
6.16 
2 .81  
6.97 

TOTAL CHARGEABLE WEIGHTS 290.84 

I n s t r u m e n t a t i o n  
H y d r a u l i c  L i n e  B r a c k e t s  

13.30 
1 .92  

TOT& ENGINE WEIGHT 306.06 

I V - 1  
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SECTION V 
ANALYSIS OF STEADY- STATE AND TRANSIENT PERFORMANCE 

A. STEADY- STATE PERFORMANCE 

The s t e a d y - s t a t e  p e r f o r m a n c e - c h a r a c t e r i s t i c s  o f  the RLlOA-3-1 
are g iven  i n  t a b l e  V - 1 .  

Tab le  V-1.  Es t imated  RLlOA-3-1 Centaur  Engine Design Data 

Parameter  

Mixture  r a t i o  
A l t i t u d e ,  f t  
T h r u s t ,  l b  
Nominal s p e c i f i c  impulse ,  sec 
F u e l  f low, l b l s e c  
Ox id ize r  flow, l b / s e c  
Chamber p r e s s u r e  ( t h r o a t  t o t a l ) ,  p s i a  
Chamber p r e s s u r e  ( i n j e c t o r  f a c e  

s t a t i c ) ,  p s i a  

Oxid izer  Pump 

I n l e t  p r e s s u r e  ( t o t a l ) ,  p s i a  
I n l e t  t empera tu re ,  "R 
I n l e t  d e n s i t y ,  l b /  f t 3  
Flow r a t e ,  gpm 
Head r i s e ,  f t  
Speed, rpm 
E f f i c i e n c y ,  p e r c e n t  
Horsepower 
Discharge  p r e s s u r e ,  p s i a  
S p e c i f i c  speed 

4.4 
200,000 
1 4 , 6 8 9  
436.8  
6 .23  
2 7 . 4 0  
2 8 9 . 1  

298.9 

59.8 
1 7 6 . 6  
6 9 . 0  
178.3  
8 94 
11 ,497 
59.8 
7 4 . 4  
488 
938 

F u e l  Pump Mixture  R a t i o  4 . 4  

I n l e t  p r e s s u r e  ( t o t a l ) ,  p s i a  
I n l e t  t empera tu re ,  "R 
I n l e t  d e n s i t y ,  l b / f t 3  
Discharge  d e n s i t y ,  l b / f t 3  
Flow ra te  
F u e l  l eakage ,  l b l s e c  
Head r i se ,  f t  
Speed, rpm 
E f f i c i e n c y ,  p e r c e n t  
Horsepower 
Discharge  p r e s s u r e ,  p s i a  
S p e c i f i c  speed (per  s t a g e )  

3 8 . 4  
38 .8  
4.34 
4 . 1 9 0  
644.7 
.09 
30 ,888 
28,742 
56.5 
58 5 
94  9 
526 

R a t i n g s  

5.0  
200,000 
1 5 , 0 0 0  
433.0  
5.77' 
28.86 
291.6 

301.8 

59.8 
176.6  
69 .0  
189.7 
869 
11 ,327 
59.5 
7 6 . 5  
476 
970 

5 , O  

38.4 
3 8 . 8  
4 . 3 4  
4 . 1 8 2  
597.4 
.09 
30 ,222 
28,317 
55 .4  
539 
926 
507 

engine  

5.6 
200,000 
15,253 . 
4 2 7 . 6  
5.40 
30.27 
293.1  

3 0 3 . 5  

59.8 
176.6  
6 9 . 0  
196.8  
8 4  1 
11,165 
58.9 
78 .4  
463 
1003 

5.6 

3 8 . 4  
38.8 
4 . 3 4  
4.169 
5 5 9 . 1  
.09 
29,583 
27,912 
54.18 
503 
903 
492 
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Turbine  Mix tu re  R a t i o  

I n l e t  t o t a l  p r e s s u r e ,  p s i a  
I n l e t  t o t a l  t empera tu re ,  "R 
Discharge  s t a t i c  p r e s s u r e ,  p s i a  
Downstream t o t a l  p r e s s u r e ,  p s i a  
Speed, rpm 

Horsepower 
Turb ine  f l o w ,  l b l s e c  
Pe rcen t  bypass  f low 
E f f e c t i v e  area,  i n 2  
Thrus t  c o n t r o l  bypass  area, i n 2  

E f f i c i e n c y ,  p e r c e n t  -.. 

Thrus t  Chamber Assembly 

Chamber p r e s s u r e  ( i n j e c t o r  s t a t i c ) ,  

Chamber p r e s s u r e ,  ( t h r o a t  t o t a l ) ,  

Fue l  f low, l b / s e c  
Ox id ize r  f low,  l b / s e c  
Chamber mix tu re  r a t i o  
C;k e f f i c i e n c y ,  p e r c e n t  o f  s h i f t i n g  
Cfc ( a c t u a l )  , f t l s e c  
Combustion t empera tu re  ( i d e a l ) ,  "R 
Gas c o n s t a n t  ( i d e a l ) ,  f t / " R  
S p e c i f i c  h e a t  r a t i o  
Cs ( t h r u s t  c o e f f i c i e n t  e f f i c i e n c y ) ,  

C h a r a c t e r i s t i c  l e n g t h  ( G k ) ,  i n .  
Chamber area ( i n j e c t o r  e n d ) ,  i n 2  
Chamber t h r o a t  area,  i n 2  
E f f e c t i v e  expans ion  r a t i o ,  A/A;k 

p s i a  

p s i a  

p e r c e n t  

P r e s s u r e  Drop Summary 

Fue 1 

Pump p r e s s u r e  r i s e ,  p s i d  
Downstream o r i f i c e ,  p s i d  
Cooldown valve, p s i d  
Liquid  l i n e ,  p s i d  
J a c k e t ,  p s i d  
Gas l i n e  upstream v e n t u r i ,  p s i d  
V e n t u r i ,  p s i d  
Turb ine  ( t o t a l  t o  s t a t i c ) ,  p s i d  
Turb ine  d i s c h a r g e  c a s i n g  ( t o t a l  t o  

s t a t i c ) ,  p s i d  
Gas l i n e ,  t u r b i n e  d i s c h a r g e  t o  main 

f u e l  s h u t o f f  valve, p s i d  
Main f u e l  s h u t o f f  valve, p s i d  
I n j e c t o r ,  p s i d  

4.4 

676 
288.6 
4 2 0  
387 
2 8 , 7 4 2  
58.7 
6 6 4  
6 . 1 2  
0 . 1 7  
1 .125  
0 . 0 0 1 9  

298.9 

2 8 9 . 1  
6 . 1 4  
27.40 
4 .46  
98 .9  
7 , 8 1 0  
5 , 5 5 0  
143.3 
1.216 

97 .59  
31 .6  
8 3 . 4  
28 .1  
40.0 

9 10 
92.9 
.39 
4 .1  
146.9  
3 . 3  
24.6 
2 56 

3 3 . 6  

16.2 
11.0 
6 0 . 3  

5 .0  

6 52 
323 .8  
4 2 0  
387 
28,317 
58.8 
6 2 0  
5.47 
3 . 6 1  
1 .125  
0 .0422 

3 0 1 . 8  

291.6 
5 .68  
28.86 
5.08 
98.5 
7 , 6 4 0  
5 , 8 1 0  
130.7 
1 . 2 1 0  

97 .25  
31.6 
8 3 . 4  
2 8 . 1  
40.0 

88 7 
8 0  
.34 
3 . 5  
149.8 
3 . 2 -  
36.6 
232 

33 .6  

15 .8  - 
10.7 
58 .4  

5.6 

6 3 3  
355.6 
419 
385 
27 912 
58.7 
586 
5 . 0 1  
5.62 
1 .125  
0,. 0669 

303.5  

2 9 3 . 1  
5 . 3 1  
30.27 
5.70 
98 .o 
7 , 4 6 0  
6 , 0 0 0  
120 .8  
1 , 2 0 6  

96 .90  
31.6 
8 3 . 4  
2 8 . 1  
40.0 

864 
7 0 . 2  
.29 
3 . 1  
149.4 
3 . 2  
4 3 . 6  
2 14 

33.5 

15.2 
1 0 . 3  
56.3 
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Oxidizer  

Pump p r e s s u r e  r ise ,  p s i d  
Mixture  r a t i o  c o n t r o l  valve, p s i d  
Liquid  l i n e ,  p s i d  
I n j e c t o r ,  p s i d  

Temperature R i s e  Summary 

Fue 1 

Pump rise,  O R  

J a c k e t ,  OR 
Turbine ,  O R  

Ox i d i z er  

Pump rise, O R  

4 2 8  4 16 4 0 3  
139.5 117 .4  94.8 
5.6 6.2 6.8 
44.0 50.6 57 .5  

16.3 16.4 16.5 
233.5 268.7 300.3 
-19 .9  - 2 0 . 4  - 2 1 . 1  

2.8 2.7 2.6 

B. TRANSIENT PERFORMANCE 

The t r a n s i e n t  performance c h a r a c t e r i s t i c s  of  t h e  RLlOA-3-1 e n g i n e  a r e  
shown i n  f i g u r e s  V - 1  th rough V-3.  

C .  SEQUENCE OF ENGINE OPERATION 

The d e s i g n  sequence of o p e r a t i o n  f o r  t h e  RLlOA-3-1 engine  i s  shown i n  
f i g u r e  V - 4 .  
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Zero Seconds Taken as Time of Start Signa 

Standard Propellant Conditions 

Oxidizer Fuel 
Temperature, "R 
Total Pressure, psia 90 

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 

F i g u r e  V-1.  Es t ima ted  S t a r t i n g  T r a n s i e n t  Showing FD 8876 
"Best Estimate" 30 Devia t ion  Envelope 

v- 4 



18,OOC 

15,000 

12,OOC 

4 
I 

E * 9ooc 5 E 
51 
E 

600C 

300C 

0 

Thrust Cham1 

Pratt & Whitney aircraft 
PWA F R - 1 0 4 2  

I 
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600 "R 

Nominal Start'hpulse at 540 .k is 2850 lb sec 
I I 

Zero Seconds Taken as Time of Start Signal 

Standard Propellant Conditions at Engine Inlet 
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At 200,OOb ft Altitude' Standard Propellant Inlei Conditions 
and Nominal Setting of Propellant Utilization Control 

I I 1 
Zero Seconds is Time of Cutoff Signal 

I I 
FRW Stand Electrical Svstem 

Nominal Cutoff Imoulse is 1180 lb sec at 
I I I 380 Seconds Run Duration 

0 0.10 0.20 0.30 0.40 0.50 0.60 

TIME - sec 

Figure V-3. Estimated Shutdown Transient Thrust 
vs T i m e  

FD 8878 

V- 6 



Pratt & Whitney Flircraft 
pwa FR-1042 

v- 7 



Pratt & Wbitney Qircraft 
PWA FR- 1042 

SECTION VI 
SCHEMATIC DRAWING 

The p r o p e l l a n t  f low schemat ic  f o r  t h e  RLlOA-3-1 eng ine  assembly i s  
shown i n  f i g u r e  V I - 1 .  
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SECTION V I 1  
MATERIALS GLOSSARY 

A .  COMPONENT MATERIALS 

The materials used i n  major e n g i n e  components are l i s t e d  i n  t h e  
fo l lowing  t a b l e .  I 

T a b l e  V I I - 1 .  M a t e r i a l s  Used i n  Major Engine Components 

Component 

Tubes 

E x i t  Manifold 

Machined p o r t i o n  
Formed p o r t i o n  
R e i n f o r c i n g  bands 
Porous i n j e c t o r  f a c e  
Gimbal p i n t l e s  

Gimbal p e d e s t a l  and cone 
Brackets  

T u r  b op ump 

Housings 
F u e l  i m p e l l e r s  
Oxid izer  imp e 1 ler s 
Turbine  b l a d e s  
S h a f t  
Gears 

Valves 

Housings 

T h r u s t  c o n t r o l  
Oxid izer  f low c o n t r o l  

and p r e s s u r e  r e l i e f  
va 1 ve 

Main f u e l  s h u t o f f  valve 
Fuel  i n l e t  valve 
Solenoid valve 
Pre launch  cooldown 

check v a l v e  
Gox v a l v e  
Cooldown valve 

Spr ings  

Be  1 lows 

M a t e r i a l  

S t a i n l e s s  S tee l  Tubing 

S t a i n l e s s  s tee l  f o r g i n g  
S t a i n l e s s  s teel  s h e e t  
S t a i n l e s s  s t ee l  s h e e t  
Heat r e s i s t a n t  a l l o y  w i r e  
High s t r e n g t h  s t a i n l e s s  

Aluminum a l l o y  f o r g i n g s  
S t a i n l e s s  s t ee l  s h e e t  

s t ee l  b a r  

Aluminum a l l o y  c a s t i n g s  
Aluminum a l l o y  f o r g i n g s  
S t a i n l e s s  s tee l  f o r g i n g  
Aluminum a l l o y  e x t r u s i o n  
High s t r e n g t h  n i c k e l  a l l o y  bar 
C a r b u r i z i n g  s t ee l  

Aluminum a l l o y  c a s t i n g  

Aluminum a l l o y  f o r g i n g  
Cast s t a i n l e s s  s tee l  
Aluminum sand c a s t i n g  
S t a i n l e s s  s teel  f o r g i n g  

S t a i n l e s s  s teel  bar  
S t a i n l e s s  s teel  b a r  
Aluminum b a r  

S t a i n l e s s  steel w i r e  

S t a i n l e s s  s tee l  sheet 

PWA 7 7 0  
(AIS1  3 4 7 )  

AMs 5646 
AMs 5512 
AMs 5512 
AMs 5794 
AMs 5735 

AMs 4139 
AMs 5512 

AMs 4215 
AMS 4135 
AMs 5646 
AMs 4160 
AMs 5667 
AMs 6 2 6 0  

AMs 4215 

AMs 4127 
AMs 5362 
AMs 4217 
AMs 5646 

AMs 5646 
AMs 5646 
AMs 4117 

AMS 5688 

AMs 5512 

V I I -  1 



Component 

Misce l l aneous  

Fuel  l i n e s  
Gaskets  
Gasket 
Gaskets  
Gaskets  

F langes  
F langes  
Cover 
Gasket s 
Spr ing  washers 
Washers and c l i p s  
Bracket  

P lugs  

Tubes 
Rings and s p a c e r s  
Bear ings  

Valve hous ings  and 

Misc s m a l l  p a r t s  
P lugs  

N u t s  

Space r s ,  l i n e r s  

S a f e t y  w i r e  
F a s t e n e r s  

Threaded i n s e r t s  

Pratt & Whitney Qircraft 
PWA FR-1042 

Tab le  V I I -  1. (Continued) 

Material  

S t a i n l e s s  s t ee l  t u b i n g  
P l a n t  f i b e r  packing 
P l a s t i c  
Aluminum s h e e t  
Aluminum s h e e t  
Aluminum bar  s t o c k  
Aluminum a l l o y  f o r g i n g  
S t a i n l e s s  s t ee l  f o r g i n g  
Aluminum a l l o y  c a s t i n g  
Copper s h e e t  
Copper be ry l l i um s h e e t  
S t a i n l e s s  s tee l  s h e e t  
High s t r e n g t h  s t a i n l e s s  

S t a i n l e s s  s t e e l  t u b i n g  
S t a i n l e s s  s tee l  b a r  
S t a i n l e s s  s tee l  bar  and 

F r e e  machining s t a i n l e s s  

S t a i n l e s s  s t ee l  b a r  and 

S t a i n l e s s  s tee l  b a r  and 

High s t r e n g t h  n i c k e l  a l l o y  

Nicke l  a l l o y  w i r e  
High s t r e n g t h  s t a i n l e s s  

S t a i n l e s s  s tee l  w i r e  

s t ee l  s h e e t  

f o r g i n g  

s tee l  ba r  

f o r g i n g s  

f o r g i n g s  

bar  and f o r g i n g s  

s tee l  b a r  

AMs 5 5 7 1  
PWA 4 7 0  
AMs 3 6 5 1  
AMs 4001 
AMs 4 0 2 5  
AMs 4 1 2 0  
AMs 4127 
AMs 5646 
AMs 4 2 1 2  
AMs 4 5 0 0  
AMs 4 5 3 2  
AMs 5510 
AMs 5525 

AMs 5 5 7 1  
AMs 5613 
AMs 5630 

AMs 5640 

AMs 5646 

AMs 5735 

AMs 5668 

AMs 5685 
AMs 5735 

AMs 7 2 4 5  
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SECTION V I 1 1  
ENGINE PARTS LIST 

The RLLOA-3-1 eng ine  p a r t s  l i s t  i s  a p a r t  of t h i s  d e s i g n  r e p o r t .  The 
a l p h a b e t i c a l  p a r t s  l i s t ,  P&WA Form No. PWA F-1351 A-F, i s  r e v i s e d  as 
e n g i n e e r i n g  changes occur ;  t h e  numer i ca l  p a r t s  l i s t ,  P&WA Form No. 
PWA-1351-BF-1/6lY i s  i s s u e d  on a month ly  b a s i s .  The c u r r e n t  numer i ca l  
p a r t s  l i s t  w a s  i s s u e d  19  June  1964. 

A c u r r e n t  RLlOA-3-1 engine  p a r t s  l i s t  i s  no t  submi t t ed  i n  t h i s  r e p o r t  
but  c o p i e s  are  a v a i l a b l e  a t  P r a t t  & Whitney A i r c r a f t  FRDC, and w i l l  be 
t r a n s m i t t e d  upon r e q u e s t .  

V I I I -  1 



Pratt & Whitney Flircraft 
PWA FR-1042 

SECTION I X  
PROPELLANTS AM) ANCILLARY FLUIDS 

PRES SURE AND TEMPERATURE REQUIREMENT S 

The e s t i m a t e d  l i q u i d  hydrogen c o n d i t i o n s  r e q u i r e d  a t  f u e l  pump i n l e t  
are shown i n  f i g u r e  I X - 1 .  The e s t i m a t e d  l i q u i d  oxygen c o n d i t i o n s  r e q u i r e d  
at o x i d i z e r  pump i n l e t  are shown-in f i g u r e  IX-2. 

I X -  1 
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SECTION X 
MALFTJNCTION ANALYSIS 

A. GENERAL 

The RLlOA-3-1 e n g i n e  w a s  s p e c i f i c a l l y  des igned  t o  minimize t h e  e f f e c t s  
of  p o s s i b l e  p r o p u l s i o n  system maLfunctions on e n g i n e  performance and dura-  
b i l i t y .  An i n v e s t i g a t i o n  and a n a l y s i s  w a s  made o f  t h e s e  m a l f u n c t i o n s  and 
t h e i r  e f f e c t  on t h e  RLlOA-3-1 engine .  
S p e c i f i c a t i o n  2272D, R e v i s i o n  2 ,  r e q u i r e s  a n  a n a l y s i s  o f  c e r t a i n  malfunc- 
t i o n s  when t h e y  occur  d u r i n g  s t a b l e  engine  o p e r a t i o n .  The a n a l y s i s  w a s  
extended t o  i n v e s t i g a t e  e a c h  m a l f u n c t i o n  f o r  i t s  e f f e c t  i f  i t  had occurred  
a t  each phase  o f  e n g i n e  o p e r a t i o n ,  as f o l l o w s :  

P r a t t  & Whitney A i r c r a f t  Model 

1. P r e s t a r t  
2 .  A c c e l e r a t i o n  
3 .  S t e a d y - s t a t e  o r  s t a b l e  engine  o p e r a t i o n  
4 .  Shutdown. 

A n a l y s i s  of the fo l lowing  m a l f u n c t i o n s  i s  r e q u i r e d  by t h e  Model Speci-  
f i c a t  i o n  : 

1. F a i l u r e  of  e l e c t r i c a l  supply  t o  p r e s t a r t  s o l e n o i d  
2.  F a i l u r e  of e l ec t r i ca l  supply  t o  s t a r t  s o l e n o i d  
3 .  F a i l u r e  of t h e  e n g i n e  e lec t r ica l  supply 
4 .  F a i l u r e  o r  s h u t o f f  of t h e  hel ium supply 
5. F a i l u r e  o r  s h u t o f f  of t h e  o x i d i z e r  supply 
6. F a i l u r e  o r  s h u t o f f  of  t h e  f u e l  supply.  

T h i s  r e p o r t  a l s o  c o v e r s  t h e  fo l lowing  mal func t ions  t h a t  a r e  n o t  pre-  
s c r i b e d  i n  t h e  Model S p e c i f i c a t i o n :  

1. F a i l u r e  o r  s h u t o f f  o f  t h e  i g n i t e r  e l ec t r i ca l  supply  
2. E lec t r ica l  supply  v a r i a t i o n s  i n  e x c e s s  of  s p e c i f i c a t i o n  l i m i t s  
3 .  Helium supply  v a r i a t i o n s  i n  e x c e s s  of s p e c i f i c a t i o n  l i m i t s  
4 .  P r o p e l l a n t  i n l e t  p r e s s u r e  and tempera ture  o u t s i d e  s p e c i f i c a t i o n  

5. Ambient p r e s s u r e  and tempera ture  o u t s i d e  s p e c i f i c a t i o n  l i m i t s  
6. F a i l u r e  o f  t h r u s t  c o n t r o l  
7 .  C l o s i n g  o f  main f u e l  s h u t o f f  valve. 

l i m i t s  

It w a s  assumed t h a t  t h e  m a l f u n c t i o n  under d i s c u s s i o n  i n  each s e c t i o n  
occurs  independent ly  o f  any o t h e r  mal func t ion .  

B. RESULTS - MALFUNCTIONS REQUIRED BY MODEL SPECIFICATION 2272 

1. F a i l u r e  o f  E lec t r i ca l  Supply t o  F u e l  P r e s t a r t  Solenoid 

a .  P r e s t a r t  

Engine r e t u r n e d  t o  shutdown c o n d i t i o n .  No e f f e c t  on subsequent  opera-  
t i o n  i f  e lec t r ica l  supply  i s  r e s t o r e d  and adequate  cooldown t i m e  i s  
a 1  lowed. 

x- 1 
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b. A c c e l e r a t i o n  

Engine shutdown sequence w i l l  be normal but  system response  t i m e  w i l l  
i n c r e a s e  s l i g h t l y .  I f  t h e  e l e c t r i c a l  supply  i s  r e s t o r e d  and t h e  normal 
s t a r t i n g  sequence i s  fol lowed,  t h e  engine  w i l l  be c a p a b l e  of  normal 
o p e r a t i o n .  

c. Steady- S t a t e  - 
Engine shutdown sequence w i l l  be normal,  but  system r e s p o n s e  t i m e  

w i l l  i n c r e a s e  s l i g h t l y ,  I f  t h e  e lec t r ica l  supply  i s  r e s t o r e d  and t h e  
normal s t a r t i n g  sequence i s  fol lowed,  t h e  engine  w i l l  be  c a p a b l e  o f  
normal o p e r a t  i o n .  

d. Shutdown 

Normal f o r  t h i s  phase.  No e f f e c t  on subsequent  o p e r a t i o n  i f  elec- 
t r i c a l  supply  i s  r e s t o r e d .  

2 .  F a i l u r e  of  E lec t r ica l  Supply t o  Oxid izer  P r e s t a r t  Solenoid 
(Where S e p a r a t e  Solenoid  Valve i s  Used) 

a. P r e s t a r t  

Engine r e t u r n s  t o  shutdown c o n d i t i o n .  No e f f e c t  on subsequent  opera- 
t i o n  i f  e l ec t r i ca l  supply  i s  r e s t o r e d  and adequate  cooldown t i m e  a l lowed.  

b. A c c e l e r a t i o n  

Turbopump speed w i l l  i n c r e a s e  s l i g h t l y  p r i o r  t o  engine  shutdown. I f  
t h e  e l e c t r i c a l  supply i s  r e s t o r e d  and t h e  normal s t a r t i n g  sequence i s  
fol lowed,  t h e  engine  w i l l  be  c a p a b l e  o f  normal o p e r a t i o n .  

c .  S teady-Sta te  

Turbopump speed w i l l  i n c r e a s e  s l i g h t l y  p r i o r  t o  engine  shutdown. I f  
t h e  e l e c t r i c a l  supply  i s  r e s t o r e d  and t h e  normal s t a r t i n g  sequence i s  
fol lowed,  t h e  e n g i n e  w i l l  be  c a p a b l e  o f  normal o p e r a t i o n .  

d. Shutdown 

Normal f o r  t h i s  phase .  N o  e f f e c t  on subsequent  o p e r a t i o n  i f  elec- 
t r i c a l  s u p p l y  i s  r e s t o r e d .  

3 .  F a i l u r e  of  E lec t r ica l  Supply t o  S t a r t  Solenoid 

a .  P r e s t a r t  

No e f f e c t .  Normal f o r  t h i s  phase o f  engine  o p e r a t i o n .  

x- 2 
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b. A c c e l e r a t i o n  

The main f u e l  s h u t o f f  valve w i l l  f a i l  t o  open and f u e l  w i l l  be  pre-  
vented  from e n t e r i n g  t h e  combustion chamber. The engine  w i l l  n o t  s t a r t ,  
but  w i l l  remain i n  t h e  p r e s t a r t  o r  cooldown phase w i t h  p r o p e l l a n t s  l o s t  
overboard u n t i l  t h e  p r e s t a r t  s i g n a l  i s  removed. I f  t h e  e l e c t r i c a l  supply  
i s  r e s t o r e d ,  t h e  e n g i n e  w i l l  be c a p a b l e  of normal o p e r a t i o n .  The e f f e c t  
of a f a i l u r e  d u r i n g  t h e  l a t t e r  p o r t i o n  of t h e  a c c e l e r a t i o n  phase i s  
s imilar  t o  f a i l u r e  d u r i n g  t h e  s t g a d y - s t a t e  phase on a reduced s c a l e .  
(Refer  t o  paragraph 3c f o l l o w i n g . )  B 

c. S teady-Sta te  

The engine  w i l l  s h u t  down i n  a normal manner, r e t u r n i n g  t o  t h e  cool-  
down phase w i t h  p r o p e l l a n t s  l o s t  overboard u n t i l  t h e  p r e s t a r t  s i g n a l  i s  
removed. (See f i g u r e  X-1 . )  I f  t h e  e l e c t r i c a l  supply  i s  r e s t o r e d  and t h e  
normal s t a r t i n g  sequence i s  fol lowed,  t h e  engine  w i l l  be capable  o f  nor- 
m a l  o p e r a t i o n .  

d. Shutdown 

Normal f o r  t h i s  phase .  No e f f e c t  on subsequent  o p e r a t i o n  i f  elec- 
t r i c a l  supply  i s  r e s t o r e d .  

4 .  F a i l u r e  o f  t h e  Engine E l e c t r i c a l  Supply 

a .  P r e s t a r t  

Engine remains shut  down because t h e  s o l e n o i d  v a l v e s  c o n t r o l  t h e  
hel ium supply  t o  t h e  engine .  N o  e f f e c t  on subsequent  o p e r a t i o n  i f  t h e  
e l e c t r i c a l  supply  i s  r e s t o r e d .  

b. A c c e l e r a t i o n  

Engine w i l l  remain s h u t  down o r  w i l l  shu t  down normally.  No e f f e c t  
on subsequent  o p e r a t i o n  i f  e l e c t r i c a l  supply  i s  r e s t o r e d  and t h e  normal 
s t a r t i n g  sequence i s  fol lowed.  

c. S teady-Sta te  

The r e s u l t s  a r e  t h e  same a s  d e s c r i b e d  f o r  t h e  a c c e l e r a t i o n  phase .  
(Refer  t o  paragraph  4b ,  preceding . )  

d. Shutdown 

Normal f o r  t h i s  phase.  No e f f e c t  on subsequent  o p e r a t i o n  i f  elec- 
t r i c a l  supply  i s  r e s t o r e d .  

5. F a i l u r e  o r  Shutof f  o f  t h e  Helium Supply 

a.  P r e s t a r t  

I n l e t  v a l v e s  w i l l  remain c l o s e d  and t h e  e n g i n e  w i l l  n o t  c o o l  down. 
I f  t h e  he l ium supply  i s  r e s t o r e d ,  t h e  engine  w i l l  be c a p a b l e  of normal 
o p e r a t i o n .  
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b. A c c e l e r a t i o n  

The e n g i n e  w i l l  remain s h u t  down o r  s h u t  down normally.  I f  t h e  
he l ium supply  i s  r e s t o r e d  and t h e  normal s t a r t i n g  sequence i s  fol lowed,  
t h e  engine  w i l l  be c a p a b l e  of  normal o p e r a t i o n .  

c. S t e a d y - S t a t e  - 
The e n g i n e  w i l l  s h u t  down i n  a normal manner. I f  t h e  he l ium supply  

i s  r e s t o r e d  and t h e  normal s t a r t i n g  sequence i s  fol lowed,  t h e  e n g i n e  
w i l l  r es ta r t ,  o p e r a t e ,  and shut  down normally.  

d .  Shutdown 

Normal f o r  t h i s  phase.  No  e f f e c t  on subsequent  o p e r a t i o n  i f  t h e  
hel ium supply  i s  r e s t o r e d .  

6 .  F a i l u r e  o r  Shutof f  of  t h e  Oxid izer  Supply 

a.  P r e s t a r t  

The o x i d i z e r  pump, v a l v e s ,  and i n j e c t o r  w i l l  n o t  cool  down. Fuel  
w i l l  f low overboard through t h e  cooldown v a l v e s .  I f  t h e  o x i d i z e r  supply  
i s  r e s t o r e d  and t h e  s p e c i f i e d  cooldown t i m e  a l lowed,  t h e  e n g i n e  w i l l  
s t a r t ,  o p e r a t e ,  s h u t  down, and r e s t a r t  normally.  

b. A c c e l e r a t i o n  

Combustion w i l l  n o t  occur .  The turbopump w i l l  accelerate t o  approxi-  
mate ly  d e s i g n  speed due t o  r e s i d u a l  h e a t  i n  t h e  t h r u s t  chamber, and t h e n  
d e c e l e r a t e  immediately.  Fuel  w i l l  f low overboard through t h e  t h r u s t  
chamber u n t i l  t h e  shutdown s i g n a l  i s  g iven .  I f  t h e  o x i d i z e r  supply i s  
r e s t o r e d ,  t h e  s p e c i f i e d  cooldown t i m e  i s  a l lowed,  and t h e  chamber temp- 
e r a t u r e  i s  r e s t o r e d  t o  a l e v e l  w i t h i n  t h e  s p e c i f i c a t i o n  l i m i t s ,  t h e  
engine  w i l l  s t a r t ,  o p e r a t e ,  s h u t  down, and res ta r t  normally.  

c. S teady-Sta te  

P r o p e l l a n t  combustion w i l l  be  t e r m i n a t e d  due t o  l o s s  of o x i d i z e r  sup- 
p l y ,  and chamber p r e s s u r e  w i l l  decay i n  0.06 second t o  a c o n s t a n t  p r e s -  
s u r e  of 2 5  t o  30 p s i a  a s  f u e l  c o n t i n u e s  t o  f low overboard through t h e  
t h r u s t  chamber. The turbopump w i l l  overspeed about  17% t o  34,500 rpm 
and w i l l  t h e n  d e c e l e r a t e  as t h e  t u r b i n e  i n l e t  t empera ture  drops  from an  
o p e r a t i n g  tempera ture  o f  3 2 0 " R  t o  f u e l  pump i n l e t  t empera tures .  I f  t h e  
o x i d i z e r  supply  i s  r e s t o r e d  and o t h e r  c o n d i t i o n s  a r e  w i t h i n  s p e c i f i c a t i o n  
l i m i t s ,  t h e  e n g i n e  w i l l  r e s t a r t ,  o p e r a t e ,  and s h u t  down i n  a normal 
manner. 
s t a t e  o p e r a t i o n .  

F i g u r e  X-2 shows t h e  e f f e c t  o f  o x i d i z e r  supply  f a i l u r e  on s teady-  

d.  Shutdown 

Normal f o r  t h i s  phase ,  No e f f e c t  on subsequent  o p e r a t i o n  i f  o x i d i z e r  
supply  i s  r e s t o r e d ,  

x- 5 



Pratt & Whitney aircraft 
PWA FR-1042 

u 
m 
)-I 
a, a 
0 

a, 
U 
rb 
u 
CJ3 

I 
h a 
rb 
a, 
u 
CJ3 

bo 
C 
.ti 
& 
3 a 

C 
a, 
M 

0 
k 
w 
0 

u 
c) 
a, 
w 
w 
W 

X- 6 



Pratt & Whitney Rircraft 
PWA FR-1042 

7.  F a i l u r e  o r  Shu to f f  o f  t h e  Fue l  Supply 

a .  P r e s t a r t  

The f u e l  pump w i l l  n o t  c o o l  down. Ox id jze r  w i l l  f l ow overboard  
through t h e  t h r u s t  chamber, which i s  normal f o r  t h i s  phase  of o p e r a t i o n .  
No e f f e c t  on subsequent  o p e r a t i o n - i f  t h e  f u e l  supply  i s  r e s t o r e d  and t h e  
s p e c i f i e d  cooldown t i m e  i s  a l lowed.  

b. A c c e l e r a t i o n  

The eng ine  w i l l  no t  s t a r t ,  and o x i d i z e r  w i l l  c o n t i n u e  t o  f low over-  
board through t h e  t h r u s t  chamber. No e f f e c t  on subsequent  o p e r a t i o n  i f  
t h e  f u e l  supp ly  i s  r e s t o r e d  and t h e  s p e c i f i e d  cooldown t i m e  i s  a l lowed.  
The e f f e c t s  o f  a f a i l u r e  d u r i n g  t h e  l a t t e r  p o r t i o n  o f  t h e  a c c e l e r a t i o n  
phase are s i m i l a r ,  on a reduced scale,  t o  f a i l u r e  d u r i n g  the s t e a d y - s t a t e  
phase. (Refer  t o  paragraph  7c fo l lowing . )  

c .  S teady-S ta te  

The turbopump w i l l  momentarily overspeed about  8.5% t o  31,800 rpm, 
and w i l l  t h e n  d e c e l e r a t e  r a p i d l y .  The f u e l  pump w i l l  cav i ta te  and com- 
b u s t i o n  w i l l  t e r m i n a t e .  Pump i n l e t  p r e s s u r e  w i l l  i n c r e a s e .  F i g u r e s  X-3 
and X-4 show t h e  e f f e c t  of  f u e l  supp ly  f a i l u r e  on s t e a d y - s t a t e  o p e r a t i o n .  

d .  Shutdown 

Normal f o r  t h i s  phase ,  No  e f f e c t  on subsequent  o p e r a t i o n  i f  the f u e l  
supp ly  i s  r e s t o r e d .  

C.  RESULTS -MALFUNCTIONS NOT REQUIRED BY MODEL SPECIFICATION 2272D, 
REVISION 1 

1. F a i l u r e  o r  Shutof f  o f  t h e  I g n i t e r  E lec t r ica l  Supply 

a. P r e s t a r t  

Normal f o r  t h i s  phase  of eng ine  o p e r a t i o n .  No e f f e c t  on subsequent  
eng ine  o p e r a t i o n  i f  e l ec t r i ca l  supp ly  i s  r e s t o r e d .  

b. A c c e l e r a t i o n  

F a i l u r e  of  t h e  i g n i t e r  e lec t r ica l  supp ly  a f t e r  a combust ib le  mix tu re  
has  been i g n i t e d  w i l l  no t  a f f e c t  subsequent  eng ine  o p e r a t i o n  i f  the elec- 
t r i c a l  supp ly  i s  r e s t o r e d  p r i o r  t o  t h e  nex t  a c c e l e r a t i o n  phase.  F a i l u r e  
of  t h e  i g n i t e r  p r i o r  t o  t h e  i g n i t i o n  o f  a combust ib le  mix tu re  w i l l  c a u s e  
t h e  turbopump t o  accelerate t o  approximate ly  d e s i g n  speed due t o  r e s i d u a l  
h e a t  i n  t h e  t h r u s t  chamber and t h e n  d e c e l e r a t e  immediately.  P r o p e l l a n t s  
w i l l  f low overboard  through the t h r u s t  chamber. The chamber p r e s s u r e  w i l l  
be low and i t s  t empera tu re  w i l l  r a p i d l y  approach p r o p e l l a n t  t empera tu res  
because of  t h e  f u e l  f low through t h e  chamber t u b e s  and t h e  t o t a l  p rope l -  
l a n t  f low through the combustion chamber. I f  t h e  e l ec t r i ca l  supply  i s  
r e t u r n e d  wh i l e  the t h r u s t  chamber i s  f i l l e d  wi th  p r o p e l l a n t ,  the  eng ine  
w i l l  expe r i ence  a h a r d  s t a r t .  

x- 7 eng ine  o p e r a t i o n .  
There w i l l  be no e f f e c t  on subsequent  
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c .  Steady- S t a t e  

Normal f o r  t h i s  phase  o f  e n g i n e  o p e r a t i o n .  No e f f e c t  on subsequent  
engine  o p e r a t i o n  i f  t h e  e l e c t r i c a l  supply  i s  r e s t o r e d .  

d.  Shutdown 

Normal f o r  t h i s  phase  o f  e n g i n e  o p e r a t i o n .  No e f f e c t  on subsequent  
engine  o p e r a t i o n  i f  t h e  e lec t r ica l  s u p p l y  i s  r e s t o r e d .  

2 .  Electr ical  Supply V a r i a t i o n s  i n  Excess of  S p e c i f i c a t i o n s  

High v o l t a g e  levels may burn out  the i g n i t e r  o r  t h e  s o l e n o i d s .  The 
r e s u l t  would be a s  d e s c r i b e d  above f o r  f a i l u r e  o f  each component. Low 
v o l t a g e  levels a r e  d i s c u s s e d  below f o r  each phase o f  engine  o p e r a t i o n .  

a. P r e s t a r t  

No e f f e c t  i f  t h e  p r e s t a r t  s o l e n o i d  valve opens.  

b. A c c e l e r a t i o n  

The s a f e  o p e r a t i n g  l i m i t s  f o r  v o l t a g e  supply  t o  t h e  i g n i t e r  are 
20 v o l t s  t o  30 v o l t s  dc. A low v o l t a g e  level  w i l l  d e c r e a s e  i g n i t e r  
f i r i n g  ra te  and s t r e n g t h  of  s p a r k ,  which could  p r e v e n t  i g n i t i o n .  

I f  t h e  s t a r t  s i g n a l  fo l lows  t h e  p r e s t a r t  s i g n a l  t o o  c l o s e l y ,  ( less 
t h a n  t h e  minimum s p e c i f i e d  cooldown t i m e ) ,  i n s u f f i c i e n t  pump cooldown 
w i l l  p r e v e n t  t h e  engine  from a c c e l e r a t i n g  normally and w i l l  cause cavi- 
t a t i o n  w i t h  t h e  engine  o p e r a t i n g  e r r a t i c a l l y  a t  low t h r u s t  levels and 
h igh  m i x t u r e  r a t i o s .  Under t h e s e  c o n d i t i o n s  there i s  a s t r o n g  p o s s i b i l i t y  
t h a t  t u b e  w a l l  burnout w i l l  occur .  I f  t u b e  w a l l  burnout does n o t  occur ,  
t h e  pumps w i l l  e v e n t u a l l y  c o o l  down and t h e  engine  w i l l  a c c e l e r a t e  t o  
r a t e d  t h r u s t .  S t a r t i n g  impulse v a r i a t i o n  between engines  could  become 
e x c e s s i v e  and p r e s e n t  severe guidance problems. I f  t u b e  w a l l  burnout  
does n o t  o c c u r ,  t h e  e n g i n e  w i l l  r e t a i n  res ta r t  c a p a b i l i t y .  

c. S teady-Sta te  

No e f f e c t  i f  t h e  s o l e n o i d  v a l v e s  remain open. 

d. Shutdown 

Normal f o r  t h i s  phase.  No e f f e c t  on subsequent  engine  o p e r a t i o n  i f  
t h e  e l ec t r i ca l  supply  i s  w i t h i n  s p e c i f i c a t i o n  l i m i t s .  

3. Helium Supply V a r i a t i o n s  i n  Excess of S p e c i f i c a t i o n s  

Helium supply  p r e s s u r e  above t h e  Model S p e c i f i c a t i o n  l i m i t s  w i l l  
s h o r t e n  t h e  l i f e  o f  t h e  c o n t r o l  system bel lows.  Helium supply  p r e s s u r e s  
w e l l  belowMode1 S p e c i f i c a t i o n  l i m i t s  w i l l  a l s o  have t h e  same e f f e c t  as 
f a i l u r e  of  t h e  hel ium supply .  (See paragraph  B5 i n  t h i s  s e c t i o n . )  S p e c i f i c  
e f f e c t s  f o r  moderate p r e s s u r e  v a r i a t i o n s  below s p e c i f j c a t i o n  l i m i t s  are 
g i v e n  below. 
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a.  P r e s t a r t  

Helium supply  p r e s s u r e  below 250 p s i a  w i l l  p r e v e n t  t h e  i n l e t  v a l v e s  
from o p e r a t i n g ,  and w i l l  r e s u l t  i n  t h e  i n a b i l i t y  t o  c o o l  down t h e  pumps 
and s t a r t  t h e  engine .  
down t i m e  i s  a l lowed,  t h e  e n g i n e  w i l l  s t a r t ,  o p e r a t e ,  and s h u t  down 
normally.  

b. A c c e l e r a t i o n  

I f  t h e  supply  i s  r e s t o r e d  and t h e  s p e c i f i e d  cool -  

- 

A hel ium supply  p r e s s u r e  between 325 and 350 p s i a  could  r e s u l t  i n  
f l u t t e r i n g  of  t h e  f u e l  pump b leed  v a l v e s  a s  t h e  engine  accelerates t o  
t h e  d e s i g n  p o i n t .  T h i s  f l u t t e r i n g  r e s u l t s  i n  u n s t a b l e  o p e r a t i o n  a t  h i g h  
m i x t u r e  r a t i o s  and reduced t h r u s t  levels.  The engine  d e c e l e r a t e s  and 
o p e r a t e s  a t  low speed and t h r u s t  levels.  Mixture  r a t i o  i n c r e a s e s  and t u b e  
w a l l  burnout  may occur .  I f  t h e  hel ium supply i s  r e s t o r e d  t o  a level  
w i t h i n  t h e  s p e c i f i e d  l i m i t s  and no damage w a s  s u s t a i n e d  by t h e  chamber 
and cooldown valves, t h e  e n g i n e  w i l l  a c c e l e r a t e  t o  r a t e d  t h r u s t  condi-  
t i o n s ,  o p e r a t e  and s h u t  down normal ly ,  and r e t a i n  restart c a p a b i l i t i e s .  

c .  Steady- State  

A t  approximate ly  325 p s i  t h e  cooldown v a l v e s  w i l l  open, w i t h  a r e s u l t -  
i n g  i n c r e a s e  i n  m i x t u r e  r a t i o  and a r e d u c t i o n  i n  power, t h r u s t ,  and rpm. 
Under t h e s e  c o n d i t i o n s  t h e r e  i s  a p o s s i b i l i t y  o f  t u b e  w a l l  burnout ,  o r  in -  
j e c t o r  burnout a t  shutdown. I f  t h e  hel ium supply  i s  r e s t o r e d  t o  a l e v e l  
w i t h i n  t h e  s p e c i f i e d  l i m i t s  and no damage w a s  s u s t a i n e d  by t h e  t u b e s  o r  
i n j e c t o r ,  t h e  engine  w i l l  be c a p a b l e  o f  normal o p e r a t i o n .  

d .  Shutdown 

N o  e f f e c t ,  s i n c e  t h e  hel ium supply  i s  s h u t  o f f  d u r i n g  t h i s  phase.  

4 .  P r o p e l l a n t  I n l e t  P r e s s u r e  and Temperature O u t s i d e  S p e c i f i c a t i o n  L i m i t s  

a .  P r e s t a r t  

Low p r o p e l l a n t  i n l e t  p r e s s u r e s  w i l l  r e s u l t  i n  i n s u f f i c i e n t  cooldown 
flows and i n a b i l i t y  o f  t h e  e n g i n e  t o  a c c e l e r a t e  p r o p e r l y .  I n l e t  tempera- 
t u r e  v a r i a t i o n s  above t h e  s p e c i f i e d  maximum a l l o w a b l e  w i l l  t e n d  t o  reduce 
t h e  e f f i c i e n c y  of  pump cooldown. I f  t h e  v a r i a t i o n  becomes e x c e s s i v e ,  i n -  
s u f f i c i e n t  pump cooldown w i l l  o c c u r ,  which w i l l  r e s u l t  i n  pump c a v i t a t i o n  
d u r i n g  the a c c e l e r a t i o n  t r a n s i e n t .  The e f f e c t s  of pump c a v i t a t i o n ’ a r e  de- 
s c r i b e d  i n  paragraph B7c.  I f  the p r e s s u r e s  and t e m p e r a t u r e s  are r e s t o r e d  
t o  levels w i t h i n  s p e c i f i c a t i o n  l i m i t s  and i f  t h e  s p e c i f i e d  cooldown t i m e  
i s  al lowed,  t h e  e n g i n e  w i l l  s t a r t ,  o p e r a t e ,  and s h u t  down normally.  

b. A c c e l e r a t i o n  

Low o x i d i z e r  s u p p l y  p r e s s u r e  w i l l  r e s u l t  i n  faster turbopump accelera- 
t i o n  rates and o p e r a t i o n  a t  low m i x t u r e  r a t i o s .  The e n g i n e  w i l l  n o t  be 
damaged. Abnormally h i g h  o x i d i z e r  pump i n l e t  p r e s s u r e s  could  r e s u l t  i n  
t h e  i n a b i l i t y  o f  t h e  engine  t o  accelerate t o  f u l l  r a t e d  t h r u s t .  Low f u e l  
pump i n l e t  p r e s s u r e  could  p r e v e n t  e n g i n e  s t a r t i n g  by reducing  t h e  energy 
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level of  t h e  gaseous f u e l  e n t e r i n g  t h e  t u r b i n e  t h e r e b y  e l i m i n a t i n g  t h e  
"boots t rap"  a c c e l e r a t i o n  c a p a b i l i t i e s  o f  t h e  engine .  I n  the case o f  low 
f u e l  p r e s s u r e  o r  h i g h  o x i d i z e r  p r e s s u r e )  t h e  e n g i n e  w i l l  o p e r a t e  a t  a 
h i g h  m i x t u r e  r a t i o ,  which could r e s u l t  i n  t u b e  w a l l  burnout .  

E x c e s s i v e l y  h i g h  p r o p e l l a n t  i n l e t  t e m p e r a t u r e s  w i l l  a f f e c t  f l u i d  
d e n s i t i e s  and c a u s e  t h e  pumps t o  d e l i v e r  less than t h e i r  r a t e d  f low 
rates .  A s  a r e s u l t ,  t h e  engine  w s l l  o p e r a t e  a t  a lower t h r u s t  level  
and, i f  f u e l  f low i s  low, t u b e  w a l l  burnout  may o c c u r .  I f  burnout does 
not  occur  and t h e  i n l e t  t e m p e r a t u r e s  are r e s t o r e d  t o  levels w i t h i n  t h e  
s p e c i f i c a t i o n  l i m i t s ,  t h e  e n g i n e  w i l l  r e s t a r t ,  o p e r a t e ,  and s h u t  down 
normally.  

c. S teady-Sta te  

I f  o x i d i z e r  p r e s s u r e  i s  t o o  low, t h e  r e s u l t s  a r e  t h e  same as d e s c r i b e d  
i n  paragraph  b above. F u e l  pump i n l e t  p r e s s u r e  below a l l o w a b l e  NPSP w i l l  
c a u s e  f u e l  pump c a v i t a t i o n .  Tube w a l l  burnout may occur  due t o  l o s s  o f  
r e g e n e r a t i v e  c o o l i n g  flow. T h i s  c o n d i t i o n  may r e s t r i c t :  f u r t h e r  o p e r a t i o n  
of  t h e  engine .  The e f f e c t  o f  h i g h  i n l e t  t empera tures  i s  t h e  same a s  
d e s c r i b e d  i n  paragraph b above. 

d. Shutdown 

No e f f e c t  s i n c e  t h e  p r o p e l l a n t s  a r e  n o t  s u p p l i e d  t o  t h e  engine  d u r i n g  
t h i s  phase.  

5. Ambient P r e s s u r e  and Temperature Outs ide  S p e c i f i c a t i o n  L i m i t s  

a .  P r e s t a r t  

Ambient p r e s s u r e s  o u t s i d e  o f  t h e  s p e c i f i e d  maximum a l l o w a b l e  w i l l  
cause  i n a d e q u a t e  cooldown on engines  t h a t  are  equipped w i t h  c o l l e c t o r  
mani fo lds .  Ambient tempera tures  above t h e  s p e c i f i e d  l i m i t s  w i l l  have 
no a p p r e c i a b l e  e f f e c t  u n l e s s  metal tempera tures  exceed 580"R, which 
could  c a u s e  inadequate  cooldown. Inadequate  cooldown w i l l  a f f e c t  engine  
o p e r a t i o n  d u r i n g  t h e  a c c e l e r a t i o n  phase a s  d e s c r i b e d  i n  paragraph  C2b. 
I f  t h e  ambient p r e s s u r e s  and t e m p e r a t u r e s  are r e t u r n e d  t o  normal and i f  
adequate  cooldown i s  p r o v i d e d ,  t h e  e n g i n e  w i l l  s t a r t ,  o p e r a t e ,  and s h u t  
down normally.  

b , A c c e l e r a t i o n  

The "boots t rap"  c a p a b i l i t y  o f  t h e  e n g i n e  i s  dependent on both f u e l  
pump i n l e t  p r e s s u r e  and ambient p r e s s u r e .  The e n g i n e  may n o t  s t a r t  suc- 
c e s s f u l l y  i f  ambient p r e s s u r e  l i e s  above t h e  c u r v e  shown i n  f i g u r e  X-5. 
However, i f  i g n i t i o n  o c c u r s , t h e  engine  may e x p e r i e n c e  a h a r d  s t a r t  w i t h  
t h e  p o s s i b i l i t y  o f  a t u b e  w a l l  burnout .  

x- 12  
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FUEL PUMP I N L E T  PRESSURE - P S l A  

F i g u r e  X-5. RLlOA-3-1 Engine S t a r t i n g  L i m i t s  FD 1250 

I f  chamber tempera ture  drops  below s p e c i f i c a t i o n  l i m i t s ,  t h e  engine  
w i l l  n o t  r e a c h  r a t e d  speed ,  but  w i l l  o p e r a t e  a t  reduced speed and h igh  
m i x t u r e  r a t i o .  Tube w a l l  burnout w i l l  o c c u r ,  which w i l l  r e n d e r  t h e  en- 
g i n e  i n o p e r a t i v e .  

Chamber tempera tures  i n  e x c e s s  o f  s p e c i f i c a t i o n  l i m i t s  w i l l  cause  
h i g h  overshoot  i n  t u r b i n e  speed and system p r e s s u r e s .  Excessive p r e s -  
s u r e  s u r g e s  c o u l d  r e s u l t  i n  s t r u c t u r a l  f a i l u r e ,  and h i g h  t u r b i n e  speeds 
w i l l  c a u s e  pump c a v i t a t i o n .  Pump c a v i t a t i o n  w i l l  r e s u l t  i n  ex t remely  
e r r a t i c  engine  o p e r a t i o n  a t  l o w  t h r u s t  levels and h i g h  mixture  r a t i o s ,  as 
d e s c r i b e d  i n  paragraph  C2b. 

I f  t u b e  w a l l  burnout  o r  pump c a v i t a t i o n  do n o t  o c c u r ,  and i f  t h e  
ambient p r e s s u r e s  and tempera tures  are r e t u r n e d  t o  normal,  t h e  engine  
w i l l  s t a r t ,  o p e r a t e ,  and s h u t  down normally.  

c .  S teady-Sta te  

Ambient t e m p e r a t u r e s  o u t s i d e  s p e c i f i c a t i o n  l i m i t s  w i l l  n o t  a f f e c t  
t h i s  phase of  e n g i n e  o p e r a t i o n .  

Ambient p r e s s u r e s  above approximately 5 p s i a  w i l l  s u p p r e s s  n o z z l e  
expansion t h e r e b y  c a u s i n g  f low s e p a r a t i o n  from t h e  n o z z l e  w a l l s .  
shock waves o f f  the n o z z l e  w a l l s  d e s t r o y  t h e  boundary l a y e r  and produce 
h o t  s p o t s  a t  t h e  s e p a r a t i o n  p o i n t s .  I f  pro longed ,  t h i s  c o n d i t i o n  could  
c a u s e  t u b e  w a l l  burnout .  I f  burnout  does n o t  occur  and i f  ambient pres -  
s u r e  i s  r e t u r n e d  t o  normal,  t h e  engine  w i l l  o p e r a t e  and s h u t  down 
normally w i t h  restart  c a p a b i l i t y .  

Oblique 
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d. Shutdown 

No e f f e c t  w i l l  be  f e l t .  

6. F a i l u r e  o f  t h e  T h r u s t  C o n t r o l  

a .  P r e s t a r t  
- 

No e f f e c t  s i n c e  t h r u s t  c o n t r o l  o p e r a t i o n  i s  n o t  r e q u i r e d  d u r i n g  t h i s  
phase  o f  e n g i n e  o p e r a t i o n .  

b. A c c e l e r a t i o n  

I f  t h e  t h r u s t  c o n t r o l  f a i l s  i n  t h e  f u l l  open p o s i t i o n ,  t h e  engine  
w i l l  n o t  accelerate t o  t h e  r a t e d  t h r u s t  level.  I f  t h e  t h r u s t  c o n t r o l  
f a i l s  i n  t h e  f u l l  c l o s e d  p o s i t i o n ,  t h e  e n g i n e  w i l l  overshoot  e x c e s s i v e l y  
a t  t h e  peak o f  t h e  a c c e l e r a t i o n  t r a n s i e n t .  
occurs  due t o  t h e  h i g h  overshoot ,  t h e  engine  w i l l  r e t a i n  r e s t a r t  capa- 
b i l i t y .  

I f  no s t r u c t u r a l  damage 

c . Steady- S t  a t  e 

I f  t h e  t h r u s t  c o n t r o l  f a i l s  and remains i n  t h e m c l o s e d  p o s i t i o n ,  t h e  
engine  w i l l  o p e r a t e  above t h e  r a t e d  t h r u s t  level  a t  a low m i x t u r e  r a t i o .  
I f  t h e  t h r u s t  c o n t r o l  f a i l s  and remains i n  t h e  f u l l  open p o s i t i o n ,  t h e  
engine  w i l l  o p e r a t e  a t  a low t h r u s t  level and a h i g h  mixture  r a t i o .  Tube 
w a l l  burnout may occur  which would r e n d e r  t h e  e n g i n e  i n o p e r a t i v e .  
t h e  t h r u s t  c o n t r o l  s t i c k s  i n  a p a r t i a l l y  vpen p o s i t i o n ,  t h e  engine  may 
o p e r a t e  n e a r  r a t e d  t h r u s t ,  depending on t h e  amount o f  bypass a r e a  exposed, 
t h e  chamber t e m p e r a t u r e ,  and t h e  f u e l  pump i n l e t  p r e s s u r e .  I f  t u b e  w a l l  
burnout does n o t  occur ,  t h e  e n g i n e  can  be s h u t  down, r e s t a r t e d ,  and oper-  
a t e d  normally.  

I f  

d. Shutdown 

No e f f e c t  s i n c e  t h r u s t  c o n t r o l  o p e r a t i o n  i s  n o t  r e q u i r e d  d u r i n g  t h i s  
phase.  

7 .  C l o s i n g  o f  t h e  Main F u e l  S h u t o f f  Valve 

a.  P r e s t a r t  

No  e f fec t .  Normal f o r  t h i s  phase  o f  e n g i n e  o p e r a t i o n .  

b. A c c e l e r a t i o n  

F u e l  w i l l  be  prevented  from e n t e r i n g  t h e  combustion chamber and the 
engine  w i l l  n o t  s t a r t .  P r o p e l l a n t s  w i l l  be  l o s t  overboard u n t i l  t h e  
p r e s t a r t  s z g n a l  i s  removed. The e f f e c t s  of a f a i l u r e  d u r i n g  t h e  l a t t e r  
p o r t i o n  o f  t h e  a c c e l e r a t i o n  phase i s  s i m i l a r  t o  f a i l u r e  d u r i n g  the 
s t e a d y - s t a t e  phase.  
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c. S t e a d y - S t a t e  

Flameout w i l l  occur  and t h e  t u r b i n e  w i l l  r a p i d l y  d e c e l e r a t e  due t o  
t h e  s h u t o f f  o f  t h e  f u e l  system. F u e l  pump i n l e t  p r e s s u r e  w i l l  r i se ,  as 
shown i n  f i g u r e  X-6. I f  t h e  pump i n l e t  p r e s s u r e  r e a c h e s  450 p s i  d u r i n g  
t h i s  t r a n s i e n t ,  t h e  pump i n l e t  hous ing  w i l l  r u p t u r e .  The i n t e r s t a g e  
cooldown v a l v e  w i l l  open when f u e l  pump d i s c h a r g e  p r e s s u r e  drops  below 
170 p s i a  and p n o p e l l a n t s  w i l l  c o n t i n u e  t o  flow overboard u n t i l  t h e  p r e -  
s ta r t  s i g n a l  i s  removed. - 

d.  Shutdown 

I f  t h e  main f u e l  s h u t o f f  v a l v e  premature ly  c l o s e s  d u r i n g  t h e  shutdown 
t r a n s i e n t ,  the e f f e c t  w i l l  be t h e  same a s  paragraph  c above, e x c e p t  
d u r i n g  t h e  l a t t e r  p o r t i o n  of  t h e  t r a n s i e n t  when t h e  cooldown valves are 
open. F a i l u r e  a f t e r  t h e  cooldown valves are open p e r m i t s  a normal shut -  
down. 

800 

Q 
.r( 

$ 600 
2 s rn 

I 
Note : Time Zero is Valve Closure 

1000 

Fuel Pump Inlet Pressure 0 
Fuel Venturi Upstream Pressure 
Fuel Turbine Inlet Pressure Q 

I I I 
Peak from Slow Speed on Oscillograph' 

200 J I I 

0 
0 0.1 0.2 0.3 0.4 

TIME AFTER MAIN FUEL SHUTOFF VALVE CLOSED - sec 

F i g u r e  X-6.  Effect o f  Main F u e l  Shutof f  Valve 
Mal f u n c t i o n  During Steady- S t  a te  
Opera t  i o n  
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APPENDIX A 
STRESS DATA 

S t r e s s e s  of major s t r u c t u r a l  components of t h e  eng ine  a r e  l i s t e d  i n  
t h i s  appendix.  The d a t a  i n c l u d e  t h e  fo l lowing :  

1. Load c h a r a c t e r i s t i c s  o f  RLIOA-3-1 g e a r s ,  shown i n  t a b l e  A - 1  
2.  P r o p e l l a n t  i n j e c t o r  stresses, shown i n  t a b l e  A-2 
3.  Thrus t  chamber stresses, shown i n  f i g u r e  A - 1  
4 .  Fue l  pump i m p e l l e r  stresses, shown i n  f i g u r e  A-2 
5. Turb ine  r o t o r  stresses, shown i n  f i g u r e  A-3. 

Table  A-1.  Load C h a r a c t e r i s t i c s  o f  RLlOA-3-1 Gears  

C h a r a c t e r i s t i c s  

P i t c h  l i n e  v e l o c i t y ,  f t / m i n  
S l i d i n g  v e l o c i t y  (max), f t / m i n  
T a n g e n t i a l  load  ( con t inuous ) ,  l b  
T a n g e n t i a l  load  (momentary), l b  
Her tz  s t ress  (cont inuous)  , p s i  
H e r t z  s t ress  (momentary), p s i  
Dynamic Load ( con t inuous ) ,  l b  
Beam f a t i g u e  s t r e n g t h ,  l b  
Dynamic load  (momentary), l b  
S t a t i c  beam s t r e n g t h ,  l b  

RLlOA-3-1 
S h a f t  Gear and 
I d l e r  Gear Mesh 

Fue 1 
Pump 

15,766 
4,060 
24 2 
378 
69 , 600 
87 ,000  
1 , 4 9 1  
1 ,865  
1,756 
3,849 

T a b l e  A-2 .  P r o p e l l a n t  I n j e c t o r  S t r e s s e s  9: 

Cone No. 1 
Bending stress 
Weld s h e a r  s t ress  

Bending stress 
T e n s i l e  s t ress  i n  p o s t  

T e n s i l e  s t ress  i n  p o s t  

Cone No .  2 

connec t ing  cone No.  1 

connec t ing  cone N o .  3 
Cone No.  3 

Bending stress 
Weld s h e a r  stress 

C a l c u l a t e d  
Stresses, p s i  

30,500 
10,000 

70,000 

28,000 

18,400 

70,000 
13,000 

Oxid ize r  
Pump 

15,766 
2,272 
242 
378 
66,000 
82 ,500  
1,403 
1,857 
1,666 
3,832 

Allowable 
S t r e s s e s ,  p s i  

30,500 
13,000 

82,500 

55,000 

55,000 

82,500 
30 , 000 

J( S e e  f i g u r e  1-22 f o r  cone l o c a t i o n s  
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21.600 rsi 

11.600 PSI 

I 

F i g u r e  A - 1 .  C a l c u l a t e d  RLlOA-3-1 T h r u s t  Chamber FD 1553A 
S t r e s s e s  
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Figure A-2. Calculated Fuel Pump Impeller 
Stresses at 30,000 rpm 
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SHROUD TANGENTIAL 
(HOOP) STRESS = 7,950 PSI 
SHROUD BENDING F STRESS = 10,300 PSI 

BRAZE TENSILE STRESS = 2,430 

TANGENTIAL (HOOP) 
STRESS = 15,9000 PSI TANGENTIAL (HOOP) 

STRESS 11,000 PSI 

TANGENTIAL (HOOP) 
STRESS = 12,600 PSI 

TANGENTIAL (HOOP) STRESS = 21,900 PS 

F i g u r e  A - 3 .  Turbine  R o t o r  S t r e s s e s  

PSI 

FD 15558 
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APPENDIX B 
RLlOA-3-1 TURBOPUMP DATA 

A. TURBOPUMP BALANCING DATA 

1. F u e l  Pump - 
The f u e l  pump i m p e l l e r s  a r e  s t a t i c a l l y  ba lanced  w i t h i n  0.001 o z - i n .  

The t u r b i n e  r o t o r  i s  dynamical ly  balanced w i t h i n  0.001 oz- in .  a t  2000 
rpm. The heavy s i d e s  of  t h e  balanced p a r t s  are marked. 

The i m p e l l e r s  and r o t o r  are assembled on t h e  s h a f t  w i t h  t h e  c e n t e r  
i m p e l l e r  heavy s i d e  o p p o s i t e  t h e  heavy s i d e s  o f  t h e  o u t s i d e  i m p e l l e r  
and t h e  r o t o r .  The assembly i s  t h e n  dynamical ly  balanced w i t h i n  0.002 
o z - i n .  a t  5000 rpm. 

2. O x i d i z e r  Pump 

The inducer  and i m p e l l e r s  a r e  s t a t i c a l l y  balanced w i t h i n  0.001 o z - i n . ,  
and t h e  heavy s i d e s  a r e  marked. 

The p a r t s  a r e  assembled on t h e  s h a f t  w i t h  t h e  heavy s i d e s  180 degrees  
a p a r t .  The assembly i s  dynamical ly  balanced t o  w i t h i n  0.001 oz- in .  a t  
2000 rpm. 

3. I d l e r  Gear 

The i d l e r  g e a r  i s  s t a t i c a l l y  balanced t o  w i t h i n  0.003 oz- in .  

B. PERFORMANCE DATA 

The fo l lowing  c u r v e s  on turbopump performance a r e  i n c l u d e d  i n  t h i s  
appendix : 

F i g u r e  B-1.  F u e l  Pump I n l e t  Condi t ions  
F i g u r e  B-2. F u e l  Pump Performance 
F i g u r e  B-3.  F u e l  Pump P r e s s u r e s  
F i g u r e  B-4. Oxid izer  Pump Condi t ions  
F i g u r e  B-5. O x i d i z e r  Pump Performance 
F i g u r e  B-6. O x i d i z e r  Pump P r e s s u r e s  
F i g u r e  B-7. RLlOA-3-1 P r e d i c t e d  Turbine  E f f i c i e n c y .  
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F i g u r e  B-2.  RLlOA-3-1 F u e l  Pump P r e d i c t e d  
Performance 

DF 21540 
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F i g u r e  B-3. P r e d i c t e d  RLlOA-3-1 Fue l  Pump 
P r e s s u r e  a t  30,000 rpm 

DF 15415 
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F i g u r e  B-5 .  RLlOA-3-1 Oxidizer  Pump P r e d i c t e d  
Performance 

DF 21539 
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Figure B-6. Predicted RLlOA-3-1 Oxidizer Pump 
Pressures at 12,000 rpm 

DF 15418 
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F i g u r e  B-7. Turb ine  E f f i c i e n c y  DF 21538 

B- 8 



Pratt I? Whitney Qircraft 
PWA FR-1042 

Av 

APPENDIX C 
RLlOA- 3- 1 CONTROL SYSTEM 

Pc ENGINE 

The d e s i g n  requi rements  of  t h e  RLlOA-3-1 t h r u s t  c o n t r o l  i n c l u d e  t h e  
p r e v e n t i o n  of excessive t h r u s t  overshoot  d u r i n g  t h e  s t a r t i n g  t r a n s i e n t  
a s  w e l l  a s  p r o v i d i n g  f o r  s t a b l e  o p e r a t i o n  a t  d e s i g n  p o i n t  c o n d i t i o n s .  
A n a l y t i c a l  d a t a ,  suppor ted  by engine  running ,  have shown t h a t  t h e  over- 
shoot  of  t h e  e n g i n e  can be  c o n t r o l l e d  t o  w i t h i n  a l l o w a b l e  l i m i t s  by 
adding t h e  pneumatic reset f e a t u r e  d e s c r i b e d  i n  S e c t i o n  I ,  paragraph  A b ,  
t o  t h e  o r i g i n a l  d e s i g n  t h r u s t  c o n t r o l .  

F i g u r e  C - 1  shows t h e  b a s i c  c o n t r o l  block diagram of  t h e  e n g i n e .  

I 

F i g u r e  C - 1 .  C o n t r o l  System S i m p l i f i e d  Block 
Diagram 

FD 3157 

The block diagram shows t h a t  t h e  c o n t r o l l e r  must r e g u l a t e  t h e  chamber 
p r e s s u r e  of  t h e  engine  t o  some r e f e r e n c e d  v a l u e  f o r  v a r i o u s  p r o p e l l a n t  
u t i l i z a t i o n  i n p u t  s i g n a l s .  These u t i l i z a t i o n  s i g n a l s ,  which change engine  
mixture  r a t i o ,  c a u s e  t h e  e n g i n e  t o  o p e r a t e  a t  v a r i o u s  d i f f e r e n t  power 
levels.  T h e r e f d r e ,  depending on t h e  g a i n  of  t h e  c o n t r o l ,  v a r i o u s  amounts 
of  droop i n  engine  t h r u s t  w i l l  occur  w i t h  changing m i x t u r e  r a t i o .  

To c l a r i f y  t h e  s t a b i l i t y  problems p e c u l i a r  t o  t h i s  system, t h e  l i n e -  
a r i z e d  c o n t r o l  block diagrams o f  t h e  engine  and c o n t r o l  are shown i n  f i g -  
u r e s  C-2 and C-3, r e s p e c t i v e l y .  It can be s e e n  from t h e s e  f i g u r e s  t h a t  
t h e  r e s p o n s e  of t h e  e n g i n e  i s  p r i m a r i l y  determined by t h e  p o l a r  moment 
o f  i n e r t i a  of  t h e  turbopump r o t a t i n g  p a r t s  and t h e  p h y s i c a l  volumes of  
t h e  f u e l  s i d e .  The diagrams a l s o  i n d i c a t e  t h a t  t h e  response  of t h e  con- 
t r o l  i s  determined by t h e  t i m e  c o n s t a n t  o f  t h e  servochamber and t h e  
n a t u r a l  f r e q u e n c i e s  of  t h e  spr ing-mass a s s e m b l i e s .  

I n  a d d i t i o n  t o  t h e  major  c o n t r o l  loop ,  a secondary loop exis ts .  T h i s  
loop ,  which h a s  become known as t h e  " f a s t "  loop ,  o r  more a c c u r a t e l y  t h e  
" n e g a t i v e  phase lead' '  loop,  i s  shown i n  t h e  engine  block diagram as t h e  
main forward feed  l i n e ,  and it i n c l u d e s  a l l  feedbacks t o  summing j u n c t i o n s  
on t h i s  l i n e .  I s o l a t i n g  t h i s  loop  from t h e  t o t a l  system, and assuming 
o x i d i z e r  and v e n t u r i  f low t o  be c o n s t a n t ,  a new block diagram, a s  shown 
i n  f i g u r e  C-4, can  be drawn. From t h i s  system t r a n s f e r  f u n c t i o n  
Pco/Pcl = KTIS/(l + TIS)(l + T2S) can be  d e r i v e d  i f  t h e  t u r b i n e  i s  
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assumed to be choked. If only small variations in bypass area are con- 
sidered, this assumption is valid. 
ure C - 5  this gives an increasing gain and decreasing phase angle with 
increasing frequency. 

A s  shown by the Bode diagram in fig- 

SPEED 

Figure C - 2 .  Linearized Block Diagram of  Engine FD 3155 

Figure C - 3 .  Linearized Block Diagram o f  Thrust FD 3 1 5 2 A  
Control 
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F i g u r e  C-4. F a s t  Loop I s o l a t e d  from Engine FD 3144 

v) 
4 w 
m 
V 
II 

w 
n 

1 1/7* 1/T, 

RADIANS/SEC 

F i g u r e  C-5. T y p i c a l  Bode Diagram f o r  F a s t  Loop FD 3158 

Because t h i s  c h a r a c t e r i s t i c  i n  t h e  system i s  u n d e s i r a b l e ,  t h e  e f f e c t  
must be minimized. To do t h i s ,  several p o s s i b i l i t i e s  exis t ,  t h e  most 
obvious p o s s i b i l i t y  i s  t o  d e c r e a s e  t h e  g a i n  "R' of  t h e  system. I n  f i g -  
u r e  C-6, it can be s e e n  t h a t  "K" i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  two 
p a r t i a l s ,  aWTg/aAv and aP,/aWJ. The v a l u e  o f  t h e s e  p a r t i a l  d e r i v a t i v e s  
cannot  be changed wi thout  a f f e c t i n g  e n g i n e  performance. I n  a d d i t i o n  t o  
"K," t h e  loop g a i n  could  be d e c r e a s e d  by changing 'rl. 
diagram, t h i s  f a c t o r  i s  a f u n c t i o n  o f  t h e  t u r b i n e  i n l e t  volume, t u r b i n e  
area, p r e s s u r e  r a t i o  a c r o s s  t h e  t u r b i n e ,  and bypass  and t u r b i n e  i n l e t  
t empera ture .  It i s  obvious t h a t  o f  t h e  above, o n l y  t h e  system volume 
can be changed s i n c e  a change i n  any o t h e r  parameter  would a f f e c t  t h e  
o v e r a l l  e n g i n e  performance. I n  l i g h t  o f  t h i s ,  the system volume h a s  been 
reduced t o  i t s  smallest p o s s i b l e  v a l u e .  

As shown by t h e  
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10 50  100 200 
RADIANS/SEC 

F i g u r e  C-6. Open Loop Response of  Engine P l u s  FD 3156 
C o n t r o l  (Bode Diagram) 

Another method o f  reducing  t h e  g a i n  of t h i s  loop  would be t o  i n c r e a s e  
72 which would i n c r e a s e  t h e  frequency a t  which t h e  f i r s t  c o r n e r  o c c u r s ,  
t h e r e b y  r e d u c i n g  t h e  maximum ampl i tude  of t h e  loop.  T h i s  would i n v o l v e  
i n c r e a s i n g  t h e  volume downstream of  t h e  t u r b i n e .  I n  a d d i t i o n  t o  t h e  t i m e  
c o n s t a n t  and g a i n  changes mentioned above, compensating networks could 
be added i n  t h e  feedback pa th .  P h y s i c a l l y ,  t h i s  feedback pa th  i s  t h e  
chamber p r e s s u r e  s e n s i n g  l i n e ,  and t h e  r e s p o n s e  c h a r a c t e r i s t i c s  o f  i t  
could be r e p r e s e n t e d  by a f i r s t  o r d e r  l a g .  I n c r e a s i n g  t h e  t i m e  c o n s t a n t  
of  t h i s  f u n c t i o n  73 w i l l  d e c r e a s e  t h e  g a i n  of t h e  system; however, i t  
w i l l  a l s o  produce a d d i t i o n a l  phase l a g .  

Analog s t u d i e s  t o  d a t e  have shown t h a t  t h e  changes t o  72 and 73 t h a t  
a r e  p o s s i b l e  wi thout  a d v e r s e l y  a f f e c t i n g  t h e  e n g i n e ' s  t r a n s i e n t  perform- 
ance w i l l  n o t  s i g n i f i c a n t l y  reduce  t h e  g a i n  of t h e  f a s t  loop ,  T h e r e f o r e ,  
t o  f u r t h e r  minimize t h e  e f f e c t  o f  t h i s  loop,  t h e  c o n t r o l  should have t h e  
lowest  g a i n  p o s s i b l e .  T h i s  t h e n  d i c t a t e s  t h e  c o n t r o l  g a i n .  

With t h e  e f f e c t  o f  t h i s  f a s t  loop minimized by t h e  r e d u c t i o n  o f  71 

These 
and t h e  c o n t r o l l e r  g a i n ,  t h e  engine  i s  s t a b l e ,  T h i s  i s  shown by t h e  
Bode p l o t  i n  f i g u r e  C-6, and t h e  Nyquist  diagram i n  f i g u r e  C-7.  
c u r v e s  t h a t  were d e r i v e d  from t h e  r e s u l t s  o f  an  a n a l o g  s i m u l a t i o n  o f  
t h e  e n g i n e  i n d i c a t e  t h a t  a g a i n  margin o f  5 db and a phase  margin o f  
40 degrees  ex is t .  

c-4 



- 180' 

Pratt &Whitney Rlircraft 
PWA FR-1042 

-270O 

-90' 

Figure C - 7 .  Open Loop Response of Engine Plus FD 3165 
Control (Nyquist Diagram) 
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APPENDIX D 
COMBUSTION AND FLOW DATA 

The fo l lowing  c u r v e s  on combustion and f low d a t a  are i n c l u d e d  i n  
t h i s  appendix:  

F i g u r e  D-1.  P r e d i c t e d  Torque y s  P e r c e n t  Design Chamber P r e s s u r e  
F i g u r e  D-2. Es t imated  E f f e c t  o f  Mixture  R a t i o  on T h r u s t  and 

S p e c i f i c  Impulse 
F i g u r e  D-3. C a l c u l a t e d  T h r u s t  Chamber Tube Temperature and 

P r e s  s u r  e 
F i g u r e  D - 4 .  Temperature  vs Flow f o r  I n j e c t o r  Face.  

T a b l e  D - 1 .  Oxid izer  I n l e t  Valve S p e c i f i c a t i o n s  

1. 

2. 

3.  

4 .  

1. 

2.  

Oxid izer  S ide  

Rated p r e s s u r e ,  p s i a  
Proof p r e s s u r e ,  p s i g  
F l u i d  t e m p e r a t u r e ,  O R  

Rated f low,  l b / s e c  
P r e s  s u r e  drop 
Burs t  p r e s s u r e ,  p s i g  

3- - 
26 t o  130 
200 - 
165 t o  177 
29.40 
Equiva len t  l i n e  s i z e  x 1 . 5  
260 - 

A c t u a t i o n  Medium (Helium Gas) 

A c t u a t i o n  p r e s s u r e ,  p s i a  450 t 50 
A c t u a t i o n  p r o o f  p r e s s u r e ,  p s i g  600 
Helium t e m p e r a t u r e ,  OF -320 t o  +160 
Burs t  p r e s s u r e ,  p s i g  1000 

Ambient Condi t ions  

Temperature ,  "R 
P r e s s u r e ,  p s i a  

-320 t o  +160 
0 t o  1 5  

D u r a b i l i t y  (c losed-to-open-to-  
c l o s e d ) ,  c y c l e s  1500 minimum 

T a b l e  D-2. Fue l  I n l e t  Valve S p e c i f i c a t i o n s  

F u e l  S i d e  

Rated p r e s s u r e ,  p s i a  
Proof p r e s s u r e ,  p s i g  
F l u i d  t e m p e r a t u r e ,  "R 
Rated f low,  l b / s e c  
P r e s s u r e  drop 

A c t u a t i o n  Medium (Helium Gas) 
% V U \ ?  pbt%\ - 

30 f 2 
150 
37.8 t o  4 1  
5.88 
Equiva len t  l i n e  s i z e  

A c t u a t i o n  p r e s s u r e ,  p s i a  450 t 50 
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Table D-2. 
(Continued) 

Actuation proof pressure, psig 
Helium temperature, OF 

3. Ambient condition 

Temperature, O F  

Pressure, psia 

600 
-320 to +160 

-297 to +160 
0 to 15 

4 .  Durability (closed-to-open-to-closed), 
cycles 1500 minimum 
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F i g u r e  D - 1 .  S t a r t i n g  Torque C h a r a c t e r i s t i c s  

D- 3 
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F i g u r e  D-2. Es t imated  E f f e c t  o f  Mixture  R a t i o  
on T h r u s t  and S p e c i f i c  Impulse 

DF 18332 
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F i g u r e  D-3. C a l c u l a t e d  T h r u s t  Chamber Tube 
Temperatures  and P r e s s u r e s  

DF 15423 
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F i g u r e  D-4. RL10A-3-1 Temperature  vs Flow through DF 15424 
I n j e c t o r  Face 
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